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Abstract

Phragmites australisvetlands act as a sink for greenhouse gases by photosynthetic assimila-
tion of carbon dioxide (C@ from the atmosphere and sequestration of the organic matter pro-
duced in the wetland soil. The wetlands also act as a source for greenhouse gases by emission
of sediment-produced methane (§Ho the atmosphere. IR. australiswetlands, the dominant
mechanism of Chirelease to the atmosphere is internal gas transport in the plants, primarily by
pressurized convective gas flow. The time periods of carbon fixation andeél#ase therefore vary
seasonally and diurnally. The balance between net@imilation and Clklemission determines
if awetland can be regarded as a net sink or a net source of greenhouse gases, and hence, the function
of the wetland in relation to global climate change. On an annual basis up to 15% of the net carbon
fixed by the wetlands may be released to the atmosphere asBekause of the different infrared
absorption characteristics and atmospheric longevity of &idl CQ, the warming effect of Chlin
the atmosphere is about 21 times higher on a mass basis thaov@a 100-year timescale. Thus,
the immediate carbon balance, coupled with the different physical characteristics of the two gases,
would suggest that although some wetlands function as a net sink fgti@vetlands stillincrease
the greenhouse effect because of their release af Bbwever, the short adjustment time for ¢H
in the atmosphere means that, over a longer time scale, the radiative forcing g [ekk relative
to CO; and the wetlands effectively become a sink for greenhouse gases. Wetlands may therefore
be regarded as a source for greenhouse gases and so increase radiative forcing if evaluated on a
short time scale (decades), but as a sink for greenhouse gases and thus attenuating radiative forcing
if evaluated over longer time scales (>100 years). © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The increase in the concentration of ‘greenhouse’ gases in the troposphere during the
last 200 years and its relation to human activities in the biosphere is now well-
documented. Long-term studies of atmospheric carbon dioxide)(@@ methane (Ck)
concentrations, including analyses of ancient trapped gases in polar ice cores, have pro-
vided records that clearly relate the historical increases to fossil fuel burning and land
use change by humans (Siegenthaler and Oeschger, 1987; Raynaud et al., 1993; IPCC,
1995).

Carbon fixation via the primary production of autotrophs and its release during de-
composition have always been important processes regulating atmospheran@QCH,
concentrations, even in prehistoric and pre-industrial times. Photosynthetic carbon uptake
by terrestrial autotrophs removes eftom the atmosphere, and although some of this may
be rapidly recycled by respiration, much is also incorporated into the organic carbon of
the soil, where its re-mineralization by microbial respiration is much slower. This organic
carbon accretion in soils has always been the major terrestrial carbon sink; its longevity can
vary from <10 years to many millions of years, depending on the liability of the form of
organic carbon, the suitability of the soil environment for microbial activity, and the depth
of the organic horizon. Most of the long-term terrestrial carbon accretion that could assist in
mitigating increases in atmospheric €@nd CH, concentrations is associated either with
forests, which produce large amounts of recalcitrant lignified tissue, or wetlands, where
the anaerobic soil environment depresses microbial decomposition rates. Furthermore, the
sub-saturation of C3 photosynthesis at modern atmospherid€¥@ls also suggests that
these communities are likely to increase their carbon storage as the atmosphgedorCO
centration continues to rise, especially as it is now known that even old, mature forest stands
have increased their carbon storage due to fertilization by the anthropogepio&€€ase
(Grace et al., 1995).

The role of wetlands in terrestrial carbon cycling is particularly complex, however,
as these environments are intimately associated with all aspects of the production and
consumption of both C®and CH,. Most wetlands are net Csinks, accreting organic
matter into soils over time (Bridges, 1978), but the anaerobic decomposition that allows
them to accumulate such large sediment carbon deposits is also responsible for favoring
methanogenic archaea as the terminal decomposers, and hence, wetlands are generally net
CHgj sources (Bartlett and Harriss, 1993). In pre-industrial times, they were the overwhelm-
ingly predominant source of atmospheric £Hurrently they account for some 22% of
atmospheric Cll production as compared with the 66% produced by the anthropogenic
sources that are responsible for the increases since 1830 (Cicerone and Oremland, 1988;
Bartlett and Harriss, 1993). As GHs generally accepted to have a much greater global
warming potential (GWP) than CQwetlands are usually viewed as net contributors to
the balance of radiation-absorbing carbon gases in the atmosphere (IPCC, 1995). Further
complicating the issue, however, are the multiple gas transport pathways and mechanisms
that release Cllat varying rates and allow the entry of oxygen in some sites, suppress-
ing methanogenesis and supporting4abkidizing bacteria (Chanton and Whiting, 1995).
Hence, wetlands vary considerably in their carbon cycling and emissions, depending on
vegetation type, water table, and climate.
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In the present paper, we re-examine the net contribution of wetlands to the atmospheric
carbon balance, focusing on common rdeldrégmites australiCav.) Trin. ex Steud.) wet-
lands. Primary productivity and carbon cycling have been studied more extensively in this
species than in most wetland plants, as it is one of the most widespread and productive plant
species in the world (Clevering and Lissner, 1999). The large total area of reed wetlands and
their global distribution also makes the understanding of this species’ carbon cycling par-
ticularly relevant to global issues such as atmospheric carbon changes. In this analysis, we
consider first the net carbon exchanges that occur in reed wetlands during growth, and the
accretion of organic matter, its decomposition and,€ktling. We then consider the im-
plications of this for atmospheric carbon balances and global warming processes, especially
given the different GWP and lifetime of GHelative to CQ over different time scales.

2. Carbon cycling in Phragmites australis wetlands

The carbon cycling processes in wetlands dominateB. laustralishave been studied
in detall as part of the European Community ‘EUREED’ programme on the dynamics and
stability of P. australisdominated wetlands (Brix, 1999). The calculations in this paper
are based mainly on data from the Danish study site (Vejlerne Nature Reserve), but also
data from other European sites are included to illustrate the dynamic gas-exchange in these
wetlands.

2.1. Primary productivity

Reed ecosystems can have very high standing biomass values, and correspondingly high
annual primary productivity. The data presented in Table 1 show the maximum seasonal
biomass at eight wetland sites distributed throughout Europe. The seasonal growth patterns
as well as the primary production of the stands vary considerably between sites, partly as a
consequence of different phenotypic responses of the plants to the local environmental con-
ditions and partly because of genetically fixed differences between populations. Central and

Table 1
Maximum seasonal biomass (g dry weightfmmeant 1 S.D.) of living shoots and living rhizomesBhragmites
australisat sites studied as part of the EUREED Il profect

Site Shoot biomass Rhizome biomass
(gdryweight nr?2) (gdryweight nr?2)

Umea (Sweden) 30& 145 5468+ 1245
Lake Takern (Sweden) 33853 4525+ 1710
Vejlerne Reserve (Denmark) 56286 6222+ 1056
Slotermeer (The Netherlands) 1385122 3577+ 538
Rozmberk Fishpond (Czech Republic) 82a7 3401+ 518
Lake Ferb (Hungary) 195Gt 792 2803+ 987
Danube Delta (Romania) 2590230 4090+ 757
Comana Lake, Octaploid (Romania) 416550 11178+ 5694

_2The biomass were estimated independently on fouf plots at each site (unpublished data compiled by H.
Cizkova).
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southern European populations begin growth later than Atlantic populations and the maxi-
mum growth rate recorded in the first half of the growth period increases from north to south
(H. Cizkova, 1999, unpublished results). The maximum seasonal shoot biomass generally
increases from north to south, and northern populations have greater rhizome-to-shoot ratio
compared to the southern populations. This is partly explained by the limited shoot growth
for the northernmost site (Umead), while all the northern sites keep fairly high rhizome
biomass. It is not known whether the high biomass is due to higher rhizome production or
to a greater life span of the rhizomes in cold climates.

The annual net production of akeground biomass in general correlates very well with the
maximum standing crop of alweground parts (see review by Westlake, 1982). The annual
netaboveground productioniBfaustraliss reported to be 3—15% higher than the maximum
aboveground biomass because of shoot mortality, leaf shedding and grazing during the
growth period (Westlake, 1982). Thus, the net annual/aground production may be up
to 5 kg dry matter for the most productive sites (Table 1; octaploid populations at the Danube
Delta). The belowground production is much more difficult to estimate because roots and
rhizomes grow and die at different rates and times and because materials are translocated
to and from shoots (Schierup, 1978). Westlake (1982) reviewed available data and found
that the ratio of belowground to ateground production varied between 0.34 and 1.4 in
different studies. He also suggested that as a rule-of-thumb the ratio between belowground
and aboveground standing crop (at the time of maximuwveground biomass) fdP.
australisis ~2.5. However, the data in Table 1 show that this ratio in general is much higher
at northern (colder) sites than at southern (warmer) sites, possibly because of differences
in the lifetime of the belowground tissues. Hence, from the available data it seems fair to
assume that the belowground productionPofwustralisis of a similar magnitude as the
aboveground production.

2.2. Sediment carbon cycling and gas release

The proportions of the carbon fixed in photosynthesis that either remain in the sediment
as carbon accretion or are decomposed te @@l CH, depend on the activity of the suite
of fermentative bacteria involved in soil organic matter decomposition. During the growing
season, below-ground G@nd CH, production in healthy reed wetlands is usually limited
by the availability of labile, low-molecular weight organic compounds suitable for microbial
respiration, and their production during this time appears to be tightly linked to the direct
release of low-molecular weight carbon by rhizomes and roots during active growth, rather
than the standing biomass that is accumulated (Van der Nat and Middelburg, 2000). At other
times of the year, temperature limits decomposition processes, especially methanogenesis
(Sorrell etal., 1997), but there is little evidence in reed ecosystems for any large amounts of
carbon fixed in one season being emitted ag GCH, in subsequent seasons. Hence, most
of the recalcitrant carbon destined for sediment accretion is derived from the standing shoot
and rhizome biomass, whichin reed is heavily lignified. Water table fluctuations in wetlands
also confer significant temporal variation; atmospheric oxygen is drawn into sediments by
lower water tables in summer, reducing methanogenesis and stimulatipgxXadhtion
(Sorrell et al., 1997; Grinfeld and Brix, 1999). Healthy reed stands in mid-summer can
have very low methanogenesis rates and; €ntissions due to low water tables.
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COy and CH; accumulate rapidly in the interstitial water as a result of these respiratory
processes, and can be released to the atmosphere via the water column either by diffusion
across the sediment surface, or by the ebullition of sediment gas bubbles. The net direct con-
tribution of below-ground carbon cycling to atmospheric releases can be readily estimated
from a combination of in vitro incubations, gas bubble traps and chamber methods (Maston
and Harriss, 1995). Approximately 50% of the net annual photosynthetjcfi&ion is
ultimately respired to C@and CHj in the sediment (see Section 2.4), but very little of this
is released to the atmosphere by direct diffusive release and ebullition.

2.3. Diffusion and convective gas flow within P. australis

The total flux of CQ and CHj to the atmosphere in a vascular plant-dominated wetland
is the sum of three inter-related processes: gas diffusion and ebullition from the sediment
(see Section 2.2), and internal plant-mediated transport. In most cases, plant transport is
the dominant release mechanism in vegetated wetlands, as the internal airspace system is a
rapid gas pathway between sediment and atmosphere (Whiting and Chanton, 1992; Sorrell
and Boon, 1994; Chanton and Whiting, 1995; Verville et al., 2000). Indeed,r€ldase
through plants is usually sufficient to strip glftom the sediment gas pool and reduce the
diffusive and ebullitive flux in comparison with adjacent unvegetated sediment (Chanton
et al., 1989; Sorrell and Boon, 1994). Data presented here on plant-mediated release have
been obtained using methods for analyzing internal gas compositions and internal pressures
and flows described previously (Brix et al., 1992, 1996).

Emissions via the internal gas transport of reed can occur either by internal diffusion or
pressurized convective gas flow. The two processes are notindependent; the diurnal changes
in internal gas concentrations achieved by convection modify rates of diffusion. Internal
pressurization and flow begin shortly after sunrise and peak in the early afternoon, decreasing
rapidly in the late afternoon when there is no direct sunlight incident on the pressurizing
influx shoots, and ceasing at night (Fig. 1). The corresponding changes in interpal CH
concentration (Fig. 2a) reflect the diurnal fluctuations in flow. The €bhcentrations in
both influx and efflux culms increase during the night, as, @bim the sediment continues
to enter the plant and accumulate in the stagnant internal gas; once flow begins after sunrise
the incoming air flushes the GHich gas from the influx culms initially, then out of the
efflux culms, resulting in peak emission in the early afternoon (Fig. 2b). Flow continues to
maintain a higher efflux than influx concentration through the remainder of the day until
sunset. The consequence of this flow-driven change in internal concentration is that the
diffusive flux of CH; from reed beds follows the same diurnal pattern, with equivalent
releases from influx and efflux culms at night but much higher releases from efflux culms
than influx culms in the day-time.

Previous studies on these two transport mechanisms have shown that convective flow ac-
complishes much greater rates of gas transport than diffusion (Armstrong and Armstrong,
1990; Sorrell and Boon, 1994). This is also the case for @GHease in reed (Fig. 2b).
Although diffusive release continues over the 24 h period, the rapid release achieved by
convection in the day-time overwhelms the total diffusive release by a factor of >5. Hence,
the diurnal pattern of release in summer largely follows the diurnal fluctuation in convection.
The total daily release by plant transport is, in turn, much greater than the relatively trivial
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Fig. 1. Diurnal cycles of (A) photosynthetic active radiation (PAR) and (B) the corresponding internal convective
gas flow inPhragmites australishoots, as measured continuously in situ by the by-pass technique (Brix et al.,
1996). By this technique the internal gas transport pathway is blocked by injection of a fluid into the pith cavity
of one basal internode, the gas flow by-passes the blocked internode via tiny tubes, and the flow is measured
by a flowmeter. Data are from Lake OpatowaolCzech Republic), July 1996. Hourly mean valde4 standard
deviation are shown.

release across the sediment—water interface, and accounts for most (ca. 70%) of the gross
methanogenesis in the wetland. The remaining 20% not released can be accounted for by
below-ground Cl oxidation (see Section 2.2 above) most of which will be associated with
root-associated methanotrophy, driven by rogtr@ease (King, 1996; Lombardi et al.,
1997).

2.4. Seasonal and annual patterns of £#inission and carbon dynamics

Additional variation in CH emission is imposed by seasonal, spatial and geographic
differences. Data in Table 2 show that emissions are much lower in winter, when methano-
genesis and convective flow are reduced, and are much lower in oligotrophic habitats with
sandy sediments, where the sediments are more oxidized and produce less CH

Phragmitesdominated wetlands in temperate latitudes show a dramatic seasonal varia-
tion in their net carbon exchange. An example of this seasonality is illustrated in Fig. 3,
which shows the seasonal cycle of net£a8similation and C®and CH, emission from a
reed-dominated wetland in Denmark. The winter months are a period of a slight net carbon
release, as there is no photosynthesis but some microbial activity and gas release continues.
Spring and summer are periods of net carbon fixation. Thg €@hission is highest during
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Fig. 2. (A) Diurnal changes in internal GHoncentrations (meatt 1 standard erroi; = 15) in the influx and
efflux culms ofPhragmites australisand (B) plant-mediated emission of gHy internal diffusion through the
influx and efflux culms and convective gas flow through the culms at Lake Opajow@@dech Republic, July
1996.

spring and early summer because of high water tables and high availability of labile organic
compounds. During summer GHemissions are very low because of a low water table at
this site. The total annual carbon exchange resulting from the seasonal variation is shown
in Fig. 4. These data reveal that for this particular reed wetland, on an annual molar basis,
17 of the 98 mol m2 year 1 fixed in photosynthesis is respired to £bly methanogenesis,

Table 2
Comparison of rates of CHemission fronPhragmites australisietlands of different trophic states and in different
seasons

Site Characteristics CHemission
(cm®*m~2day 1)

Lake @je (Denmark) Sandy, ice-covered, winter 10
Summer 160

Lake Brabrand (Denmark) Organic, ice-covered 64

Kalg Reed Bed (Denmark) Constructed wetland, April 160

Vejlerne Reserve (Denmark) July — low water table 13
September — high water table 37
Dying back stand, September 170
Dead stand, organic sediment 600

Lake Ferb (Hungary) Healthy stand, organic, July 270

Lake Opatovick (Czech Republic) Eutrophic lake, July 1070
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Fig. 3. Estimated seasonal cycle of net£3similation and C®and CH, emission from &hragmites australis
wetland at Vejlerne Nature Reserve, Denmark. Nej @3imilation rates are estimated based on harvesttechniques
and measurements of growth in permanent plots throughout three seasons. sFlen@BQ-emission rates are

largely based on studies performed by gas-exchange chambers (the head space technique) on 10 occasions over 2
years.

but 76% of this CH (13 mol nT 2 year 1) is re-oxidized to C@ by CH;-oxidizing bacteria

in the rhizosphere, roots and rhizomes. The annual release giCtHerefore just 24%

of methanogenesis, or 4% of net annual Cfsimilation. Note also that the fate of the
remaining carbon is either direct or indirect respiration back tg ©% of assimilation),

which is emission-neutral, or long-term organic carbon accretion (47% of assimilation). It
must be noted that this budget is prepared assuming that there is no net import or export of
organic matter to or from the system.

4
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Fig. 4. Summary of estimated rates of carbon cycling in Pheagmites australisvetland at Vejlerne Nature
Reserve, Denmark. Figures denote the estimated annual rates of the processes indicated (unit2jeb€ h).
Emissions of CQ and CH, to the atmosphere occur mainly through the air-space tissue of the plants by diffusion
and convection.
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3. Net contribution of P. australis wetlands to radiative forcing

In common with most other wetlands, reed ecosystems are net molar sinks for carbon but
are net emitters of CiH The significance of this for atmospheric carbon balances and for
radiative forcing issues is complex, depending on the relative infrared absorbance of CO
and CHj, the atmospheric chemistry of the two gases, and the proportion of the net carbon
fixation in the ecosystem that is emitted asAH

In order to compare the radiative forcing of gkith CO,, CH; emissions are con-
verted to equivalent COemissions using GWP as a conversion factor. Rodhe (1990)
initially proposed a GWP of 70 for CHon a kg per kg basis, based on the instanta-
neous difference in the heat absorption characteristics of the two gases, and the so-called
‘direct’ effects of CH, emission on atmospheric chemistry. Subsequent revision of the
GWP has taken into account estimates of the ‘indirect’ effects of @CH. production of
tropospheric ozone in the contemporary atmosphere and stratospheric water vapor) and
the relative longevity of the two gases (IPCC, 1995). The latter has also been modified,
taking into account not only the simple GHifetime based on a budget of burden divided
by global source strength, but also the chemical feedbacks af dHts own lifetime;
the ‘adjustment time’ for Cll in the atmosphere is now calculated as312 3 years.
Current GWP values therefore include a timescale consideration, so that the kg per kg
GWP for CH, is 56, 21 and 6.5 for time horizons of 20, 100 and 500 years, respectively
(IPCC, 1995). These adjustment times recognize the exponential decay 40inGhe
atmosphere, as opposed to the more prolonged decay pfW® a lifetime of ca. 120
years.

The short adjustment time for GHelative to the lifetime of C@ in the atmosphere
is highly significant as this is the context for the extent to whichy@rhissions from
wetlands contribute to radiative forcing effects. The contribution of wetlands to radiative
forcing is therefore dependent on the ratio of Lidleased to annual net carbon fixed,
which in general for wetlands varies between 0.05 and 0.13 on a molar basis (Whiting
and Chanton, 1997), and the GWP over a particular timescale as expressed in molar units
(GWP of CH; = 20, 7.6 or 2.4molmoi! for time horizons of 20, 100 and 500 years,
respectively). Hence, whether or not a wetland is a net contributor or net sink for the
global warming effect depends on the time period their carbon cycling is considered over.
Fig. 5 shows how the net global warming effect of a wetland approaches unity over time,
beyond which wetlands are net greenhouse sinks in spite of thetliéy produce, and
that the lower the molar ratio, the sooner this point is reached. Our data provide a molar
ratio of 0.09 for the DanislP. australiswetland (Fig. 5), indicating that this wetland can
only be considered as a global warming source over timese&l@years. This calculation
recognizes that the decomposition of OHoduced from wetlands results in a @@olecule
that is emission-neutral in the context of the overall wetland gas exchange. Uncertainties
that could affect this estimate include the accuracy of current GWP figures (IPCC, 1995),
and the prevailing conditions during plant growth. Changes in productivity and carbon
cycling as the atmospheric G@nd temperature increase can result in different rates and
proportions of aerobic:anaerobic decomposition (Bowes, 1993), and the longevity of the
sediment carbon sink. Also, production and emission of other greenhouse gases such as
N2O, which has been ignored in this paper, must be evaluated.
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Fig. 5. The relative net radiative forcing (relative to g@ver time for wetlands where the molar ratio between

CHg4 emitted and net C fixed is 0.20, 0.13, 0.09 and 0.05, respectively. Whiting and Chanton (1997) reported that
the ratio between Clemitted and net C fixed for a range of wetlands generally varies between 0.05 and 0.13.

In the present study, a ratio of 0.09 for a tempeRiteagmitesvetlands was found. When the curves are located
above 1, the wetland can be regarded as a source for greenhouse gases and so will increase the global warming,
and if the curves are located below 1, the wetland can be regarded as a sink for greenhouse gases and thus will
attenuate the global warming.

The common perception of wetlands as contributors to global warming nevertheless
appears to be a consequence of the short time scales of most studies of their gas exchange.
The lifetime of natural wetland ecosystems varies from hundreds to thousands of years
(Thompson and Hamilton, 1983), and in this context their overall function is as a sink in
global warming effects, unless they have a very low net carbon fixation relative to their CH
emission. The case for created wetlands is that they are likely to be net contributors to global
warming early in their lifetime, but can become net sinks as they age, again depending on
the net C fixation and molar ratio. Management practices should therefore act to favor net
carbon fixation and accumulation in both natural and created wetlands as much as possible,
if climate change issues are under consideration.

4. Conclusions

The primary productivity oP. australiswetlands is high, and the fate of the carbon they
fix varies seasonally and diurnally. Approximately 50% of the net primary production is
respired to C@and CH, in the sediment, with methanogenesis limited primarily by organic
matter availability in the growing season and temperature at other times. Diffusion across
the water interface and bubble ebullition are insignificant mechanisms pféléhse to the
atmosphere iR. australisvetlands, with the major mechanism being internal plant transport
— especially the diurnal convective gas flow. The resulting annual pattern is a net molar C
uptake during the growing season, with a small net molar C release aar@Q in the
winter; CH, release is about 4% of photosynthetic £f@ation and 9% of the net C fixation
in the wetland. On the basis of current GWP values for @Hative to CQ and the molar
ratios, theP. australiswetland illustrated can be viewed as net sources of greenhouse gases
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over timescales:60 years, but net sinks over longer timescales. Wetlands may therefore be
regarded as a source for greenhouse gases and so increase the global warming in evaluated
over a relatively short time horizon (decades), but as a sink for greenhouse gases, and thus,
attenuating global warming if evaluated over longer time horizons (>100 years).

Acknowledgements

We thank the partners of the EUREED Il and the Danish Natural Science Research
Council, project no. 9801859 for their contributions to this paper. The studies were funded
by the Environment and Climate Programme of the European Commission, contract no.
ENV4-CT95-0147 (EUREED II). We thank K. Lassey for helpful advice and critical
comments on an earlier version of the manuscript.

References

Armstrong, J., Armstrong, W., 1990. Light-enhanced convective throughflow increases oxygenation in rhizomes
and rhizosphere d?hragmites australigCav.) Trin. ex Steud. New Phytol. 114, 121-128.

Bartlett, K.B., Harriss, R.C., 1993. Review and assessment of methane emissions from wetlands. Chemosphere
26, 261-320.

Bowes, G., 1993. Facing the inevitable: plants and increasing atmospherid@8Q Rev. Plant. Phys. 44, 309—

332.

Bridges, E.M., 1978. World Soils. Cambridge University Press, Cambridge, New York, Melbourne.

Brix, H., 1999. The European research project on reed die-back and progression (EUREED). Limnologica 29,
5-10.

Brix, H., Sorrell, B.K., Orr, P.T., 1992. Internal pressurization and convective gas flow in some emergent freshwater
macrophytes. Limnol. Oceanogr. 37, 1420-1433.

Brix, H., Sorrell, B.K., Schierup, H.-H., 1996. Gas fluxes achieved by in situ convective fld®®hiagmites
australis Aquat. Bot. 54, 151-163.

Chanton, J.P., Martens, C.S., Kelley, C.A., 1989. Gas transport from methane-saturated, tidal freshwater and
wetland sediment. Limnol. Oceanogr. 34, 807-919.

Chanton, J.P., Whiting, G.J., 1995. Trace gas exchange in freshwater and coastal marine environments: ebullition
and transport by plants. In: Matson, P.A., Harriss, R.C. (Eds.), Methods in Ecology. Biogenic Trace Gases:
Measuring Emissions from Soil and Water. Blackwell, Oxford, pp. 98-125.

Cicerone, R.J., Oremland, R.S., 1988. Biogeochemical aspects of atmospheric methane. Global Biogeochem. Cy.
2,299-327.

Clevering, O.A., Lissner, J., 1999. Taxonomy, chromosome numbers, clonal diversity and population dynamics
of Phragmites australisAquat. Bot. 64, 185-208.

Grace, J., Lloyd, J., Mclntyre, J., Miranda, A.C., Meir, P., Miranda, H.S., Nobre, C., Moncrieff, J., Massheder, J.,
Malhi, Y., Wright, I., Gash, J., 1995. Carbon dioxide uptake by an undisturbed tropical rain forest in southwest
Amazonia, 1992 to 1993. Science 270, 778-780.

Grunfeld, S., Brix, H., 1999. Methanogenesis and methane emissions: effects of water table, substrate type and
presence oPhragmites australisAquat. Bot. 64, 63-75.

IPCC (Intergovernmental Panel on Climate Change), 1995. Climate change 1994. In: Houghton, J.T., Meira Filho,
L.G., Bruce, J., Hoesung, L., Callander, B.A., Haites, E., Harris, N., Maskell, K. (Eds.), Radiative Forcing
of Climate Change and An Evaluation of the IPCC 1S92 Emission Scenarios. Cambridge University Press,
Cambridge.

King, G.M., 1996. In situ analyses of methane oxidation associated with the roots and rhizomes of a bur reed,
Sparganium eurycarpunn a Maine wetland. Appl. Environ. Microb. 62, 4548-4555.



324 H. Brix et al. / Aquatic Botany 69 (2001) 313-324

Lombardi, J.E., Epp, M.A., Chanton, J.P., 1997. Investigation of the methyl fluoride technique for determining
rhizospheric methane oxidation. Biogeochemistry 36, 153—-172.

Matson, P.A., Harriss, R.C. (Eds.), 1995. Biogenic Trace Gases: Measuring Emissions from Soil and Water.
Methods in Ecology, Blackwell, Cambridge.

Raynaud, D., Jouzel, J., Barnola, J.M., Chappelaz, J., Delmas, R.J., Lorius, C., 1993. The ice record of greenhouse
gases. Science 259, 926-933.

Rodhe, H., 1990. A comparison of the contribution of various gases to the greenhouse effect. Science 248, 1217—
1219.

Schierup, H.-H., 1978. Biomass and primary productionfheagmites communikrin. swamp in North Jutland
Denmark. Verh. Int. Verein. Limnol. 20, 94-99.

Siegenthaler, U., Oeschger, H., 1987. Biospheric; @issions during the past 200 years reconstructed by
deconcolution of ice core data. Tellus 39B, 140-154.

Sorrell, B.K., Boon, P.1., 1994. Convective gas flovEleocharis sphacelat®. Br.: methane transport and release
from wetlands. Aquat. Bot. 47, 197-212.

Sorrell, B.K., Brix, H., Schierup, H.H., Lorenzen, B., 1997. Die-baclbfagmites australisinfluence on the
distribution and rate of sediment methanogenesis. Biogeochemistry 36, 173-188.

Thompson, K., Hamilton, A.C., 1983. Peatlands and swamps of the African continent. In: Gore, A.J.P. (Ed.),
Ecosystems of the World 4B: Mires, Swamp, Bog, Fen and Moor — Regional Studies. Elsevier, Amsterdam,
pp. 331-373.

Van der Nat, F.-J., Middelburg, J.J., 2000. Methane emission from tidal freshwater marshes. Biogeochemistry 49,
103-121.

Verville, J.H., Hobbie, S.E., Chapin llI, F.S., Hooper, D.U., 2000. Responses of tundfa@HCQ flux to
manipulation of temperature and vegetation. Biogeochemistry 41, 215-236.

Westlake, D.F., 1982. The primary productivity of water plants. In: Symoens, J.J., Hooper, S.S., Compére, P.
(Eds.), Studies on Aquatic Vascular Plants. Royal Botanical Society of Belgium, Brussels, pp. 165-180.

Whiting, G.J., Chanton, J.P., 1992. Plant-dependentéPhission in a subarctic Canadian fen. Global Biogeochem.

Cy. 6, 225-231.

Whiting, G.J., Chanton, J.P., 1997. The Function of Wetlands in Global Warming (Abstract). Wetland Ecosystem

Research Group Report No. 17, Royal Holloway University of London, London, 83 pp.



