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ABSTRACT

The first research paper describing aerobic methane release from living plants and dead organic matter was published in early 2006. These
original findings have yet to be independently repeated and confirmed. Instead, the only other detailed study that has been published did
not find any significant aerobic emissions of methane. Concerns remain about possible artefacts, especially with respect to methane
adsorption and desorption. Several questions are yet to be answered, such as identification of a plausible biochemical mechanism for the
process, how CH, emissions might change with light, temperature or the physiological state of leaves, whether emissions change over
time under constant conditions, whether they are related to photosynthesis and how they relate to the chemical composition of biomass.
Various studies have assessed the likely magnitude of aerobic methane release within a global context. Different estimates based on more
or less sophisticated approaches have all indicated that the magnitude of aerobic methane release must be relatively moderate and
contribute between 0-10% of modern and 0-30% of pre-industrial/pre-agricultural methane emissions. In the context of land-use change,
consideration of aerobic CH,4 emissions from different plant types is only a small factor for overall greenhouse gas balances. Any carbon-
offset benefit from planting trees is likely to be about 100 times as effective as any possible detrimental effect due to increased aerobic
methane release. Land-use change, including the draining of wetlands, the establishment of paddy rice farming, or the introduction of
ruminant animals, would produce emission changes that significantly outweigh any potential changes arising from differences in aerobic
methane release by different plant types.

Keywords: adsorption, acrobic, climate-change mitigation, desorption, dissolution, global budget, Kyoto Protocol, land-use change,
methane oxidation, trace gas
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INTRODUCTION

Methane is the second-most important greenhouse gas, con-
tributing about 20% to the current radiative forcing of the
enhanced greenhouse effect (Ramaswamy et al. 2001). It
has been intensively studied and it had been thought that all
of its sources and sinks had been identified. Hence, it came
as a significant surprise when Keppler et al. (2006) reported
a new finding of aerobic methane release by living plants
and even dead tissue.

However, the question must be asked whether the ap-
parent findings of significant methane emissions were actu-
ally just artefacts. The observed rates were exceedingly
small, and measuring the minute emission fluxes at current
high atmospheric methane concentration backgrounds cons-
titutes a challenge to any experimental setup. Dueck ez al.

(2007) used a different experimental approach to overcome
some of these measurement challenges and did not report
any significant methane emissions in their system.

If aerobic methane release does indeed occur, the ques-
tion arises as to its global significance. There are inherent
difficulties in extrapolating from a few measurements in the
laboratory to global emissions from a variety of different
plant species and under greatly varying conditions. Keppler
et al. (2006) provided estimates of global emissions based
on their measurements and derived large values, with as
much as 1/3 of global emissions attributed to aerobic me-
thane release.

However, the Keppler ef al. (2006) method for scaling
methane fluxes has been questioned by a number of workers
(Kirschbaum et al. 2006; Parsons et al. 2006), and their glo-
bal estimates were significantly smaller. Additional studies
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based on detailed global modelling (Houweling et al. 2006)
and isotope analyses (Ferretti et al. 2007) also concluded
that aerobic methane release could at most be a minor
contributor to total global emissions.

The original work of Keppler et al. (2006) also led to
immediate questioning of tree plantings as a greenhouse
mitigation option (Lowe 2006) although the original paper

by Keppler et al. (2006) provided no support for that notion.

This theme was, however, taken up strongly by the world
media until studies with detailed calculations showed that
any changes in aerobic methane release make almost no
difference to the net benefit of tree plantings (Kelliher et al.
2006; Kirschbaum et al. 2006).

In the following, we discuss these various issues in
greater detail. It draws on the small amount of material that
has been published since the original findings of Keppler et
al. (2006) were first reported. In addition, we assess in
some detail the possibility of artefacts that might have
added to observed apparent release rates.

EXPERIMENTAL EVIDENCE FOR AEROBIC
METHANE RELEASE BY PLANTS

Keppler et al. (2006) enclosed various samples of live and
dead plant materials in chambers, recorded subsequent
changes in methane concentration over periods of minutes
to hours and then calculated emission rates from the build-
up of methane in their chambers. They observed methane
release from living plants, dead plant material and even
commercially available pectin (Table 1). The release of me-
thane from pectin is perhaps the most remarkable observa-
tion. Pectin is a polysaccharide that is an important structu-
ral component of cell walls in most plants. Under anaerobic
conditions and in the presence of a range of pectinase-con-
taining micro-organisms, pectin can break down to metha-
nol, with some methane produced as a by-product (Ollivier
and Garcia 1990). While methanol formation from pectin
has been known for some time (Fall and Benson 1996), for-
mation of the more reduced methane from pectin under
aerobic conditions goes against the expected direction of
spontaneous chemical reactions. The 100-fold stimulation
of methane release from pectin by sunlight (Table 1) is
similarly highly surprising, and to our knowledge, no one
has yet proposed a plausible mechanism for these observa-
tions.

In darkness, methane emissions from dead plant mate-
rial were about an order of magnitude higher than from pec-
tin. Emissions from dead plant material were also stimula-
ted by exposure to sunlight, but the effect was not as pro-
nounced as for pectin. Methane production was also ob-
served to be stimulated by increasing the temperature up to
70°C (Keppler et al. 2006), which effectively excludes in-
volvement of an enzymatic processes in this reaction as
plant enzymes are expected to be completely denatured at
temperatures above 50-60°C (Berry and Raison 1982).

Observed rates were about 100-fold higher for intact

plants than for dead plant material. This could mean that the
same process of methane release is simply much more ac-
tive in the reactive environment of a living cell than in dead
tissue, or it could indicate that two separate processes are in-
volved. One process might be non-enzymatic and the other
might involve an enzymatic reaction and be capable of
achieving much higher emission rates, but operate only in
living tissue. All of these measured rates are exceedingly
low, however, and Kirschbaum ez al. (2006) calculated that
at even the methane release rates in intact plants, about
30,000 mol CO, would be fixed per mol of CH, released.

Potential problems with methane flux
measurements

The magnitude of these emission estimates readily explains
why these emissions under aerobic conditions have been
overlooked by previous generations of researchers. How-
ever, inherently low emission fluxes also pose the concern
that the apparent aerobic methane release can be partly or
entirely an artefact of the experimental design, and prob-
lems with methane emission flux measurements have been
noted previously (e.g. Kim 1991).

There are at least three possible problems with methane
emission measurements that all relate to the fact that
methane is a constituent of the normal ambient atmosphere,
which is currently around 1750-1800 ppb (Ehhalt et al.
2001; Frankenberg et al. 2005; 2006; see also http://www.
cmdl.noaa.gov/ccgg/iadv/ or http://gaw.kishou.go.jp/wdcgg.
html for the most recent data), as well as being present in
gas- and liquid-phases in the soil and in plants.

By comparison, monoterpenes that are also emitted by
plants at very low fluxes have atmospheric background
concentrations of only 0.1-5 ppb. This means that measure-
ments of very low methane flux rates must contend with
interference, leakage, dissolution and desorption from an
environment dominated by a large background concentra-
tion. Measurements of monoterpene fluxes, on the other
hand, are simpler as these similarly low rates suffer much
less from interference by high atmospheric background
concentrations.

The first problem in methane measurements is the pos-
sibility of diffusion and mass flow leaks between the am-
bient atmosphere and measurement chambers. This prob-
lem is particularly significant if plant emissions are mea-
sured using an initially methane-free atmosphere as in most
of the experiments of Keppler et al. (2006). As the mea-
surement of very low fluxes is associated with long integ-
ration times, typically hours, even minor methane diffusion
leaks from the ambient atmosphere into the chamber can
significantly add to the calculated flux rates.

Keppler et al. (2006) were aware of that problem and
tried to ensure that it was no problem in their work by mea-
suring the change in methane concentration in their cham-
bers when there was no plant material present and found no
apparent emissions under those conditions. Provided that

Table 1 Summary of the rates of aerobic methane release from different plant materials under a range of conditions
observed by Keppler ef al. (2006). Shown are means with 95% confidence intervals which were calculated by taking
all of the reported values for different materials as independent observations. Rate per unit area was calculated
assuming a mass of 0.5 kgDW m™ as may be applicable for grasslands. An equivalent calculation was not done for
forest vegetation as there is too much uncertainty with respect to equivalent treatment of metabolically active leaf and
metabolically inert wood. ‘Ratio’ gives the ratio of measured rates relative to rates of the same material in darkness

and at 30°C, where applicable.

Material Condition Rate Grassland rate Ratio
(ngCH, kgDW's")  (ngCH, m*s™)
Intact plants dark 32+13 16
sunlight 90+ 19 45 2.8
Dead plant materials  30°C, dark 0.33+£0.25
30°C, sunlight 1.8+0.8 5.6
40°C, dark 0.6+04 1.9
Pectin 30°C, dark 0.036
30°C, sunlight 3.8 105
40°C, dark 0.053 1.5
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Table 2 Calculation of the amount of methane physically held within living leaves. Water/air and lipid/air equilibrium partition coefficients of methane and
calculations to calculate methane content per unit dry leaf tissue in equilibrium with an ambient air methane concentration of 2000 nmol mol™" at 25 °C.

Process Phase Mass of different Weight per Volume of different  Equilibrium Equilibrium methane Content per 1
constituents unit volume  constituents partition concentration kg dry leaf
(kg kgDW™) (kg m>) (m® kgDW)* coefficient (ngCH, m™) (ngCH, kgDW™)
Absorption  Gas 333107 1,308,000 4356
Water 233 1,000 233107 28.2° 46,420 108
Lipid 0.05 800 625107 2.29° 571,090 36
Total 4500
Adsorption Cell walls 0.5 1,200 4.1710" 105,460,000 43975

* assuming a leaf dry matter concentratlon of 150 kgDW m™, fraction of leaf airspace volume of 0.5, leaf dry to fresh mass ratio of 0.3, lipid content of

5% DW, lipid density of 800 kg m™

, cell wall percentage of DW of 50% and density of cell walls of 1200 kg m™. These are considered as typical

values of leaf structural characteristics of grass leaves (Nnnemets and Relchsteln 2003b)
" according to Falabella ez al. (2006). Units are in molCH4 m™ air [molCH4 m” HQO]
accordmg to In et al. (2005). Units are in molCH, m™ air [molCH, m™ lipid]”

4 according to (Harrison ef al. 2000) for coconut charcoal.

this was assessed in all of their measurements, leakage
problems can probably be discounted as having interfered
in those particular measurements.

However, it continues to be a significant potential
problem in any measurement condition that combines the
measurement of low flux rates and high concentration gra-
dients between a chamber and the surrounding air. Leaki-
ness has been recognised as a problem for gas exchange
measurements in general (Long and Bernacchi 2003). As
diffusion rates increase with increasing temperature (Bruhn
et al. 2002), a diffusion leak can also lead to an apparent
temperature sensitivity of emissions or, at least, an amplifi-
cation of any actual emission sensitivity to temperature.

The second problem is that there is an equilibrium
between methane in the gas phase and solubilised methane
in the plant liquid and lipid phases (Table 2). As the me-
thane concentration in the gas surrounding any sampled
plant tissue changes, additional methane is either dissolved
or comes out of solution, or simply enters or escapes from
the intercellular air spaces.

Although, like most gases, methane is relatively insol-
uble in both water and lipids, release of this methane into
methane-free air can provide an additional apparent emis-
sion that would decrease over time as the cell constituents

come to equilibrium with the surrounding air (see Noe ef al.

2006 and Niinemets and Reichstein 2002, for kinetic anal-
ysis of emission fluxes due to non-specific storage for non-
methane plant volatiles).

This is a particularly significant problem if measure-
ments are conducted in methane-free air, but it also cons-
titutes a problem if methane concentrations in the air sur-
rounding sample tissue are allowed to increase beyond
atmospheric concentrations. In that case, the leaf or other
sample tissue will absorb some of the released methane,
and apparent fluxes would be less than true fluxes.

Furthermore, the equilibrium water/air partition coef-
ficient (Henry’s law constant) and the equilibrium lipid/air
partitioning coefficients of methane decrease with increa-
sing temperature (Falabella ef al. 2005) as it does for other
organic compounds (Copolovici and Niinemets 2005). This
implies that any increase in temperature can result in ap-
parent methane emissions even into air with high methane
concentrations (see Noe ef al. 2006 and Niinemets and
Reichstein 2003a for analysis of physico-chemical charac-
teristics on plant emissions).

Closed systems without temperature control, like those
used by Keppler et al. (2006), are particularly prone to
such problems during measurements under natural light.
Energy balance considerations and practical experience
with plant gas-exchange systems suggest that the tempera-
ture is likely to increase by several degrees above ambient
temperature in such enclosures (Field et al. 1989). As the
equilibrium partitioning coefficients increase with tempe-
rature (typically about 2-fold for a 10°C temperature in-
crease; Copolovici and Niinemets 2005), the apparent en-
hancement of methane release by light may be partly asso-
ciated simply with the temperature-dependent physical pro-
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cess of methane coming out of solution.

However, comparing the dissolved quantities in Table
2 with the flux rates observed by Keppler et al. (2006) as
shown in Table 1, it is apparent that the release of methane
physically held in leaves is likely to have made only a small
contribution to observed apparent ﬂuxes According to
Table 2, about 4500 ngCH, kgDW™' is held in the liquid
and 11p1d phases and the a1r spaces inside leaves. For fluxes
of 30-90 ngCH, kgDW™' s (Table 1), the release of me-
thane physically held w1th1n intact leaves could amount to
the equivalent of the observed fluxes over 50-150 seconds.
As the measurements of Keppler et al. (2006) were conduc-
ted over periods of many minutes to hours, the methane
physically held inside leaves could not account for the
whole flux but would have added to it (for measurements in
methane-free air). Observed flux rates were much smaller
in dead tissue, but as there is presumably also muss less
water in which methane could dissolve as well as intercel-
lular air spaces that are compressed and much reduced in
volume, dissolution may have made a proportionately simi-
lar contribution to apparent fluxes in both dead and intact
tissues.

Dissolved methane may also be transported from the
roots to leaves in the transpiration stream and released
through stomata (McBain et al. 2004; Loreto and Ciccioli,
unpublished). This transport flux is likely to be small in
most plants from terrestrial environments as those used by
Keppler et al. (2006) but can be significant in wetland
plants that have a large fraction of their stems composed of
aerenchyma (Constable e al. 1992; Jackson and Attwood
1996; Blom 1999) and where the anaerobic conditions
around the root zones of flooded plants typically provides a
good environment for anaerobic methane formation. Cham-
ber measurements in heterogeneous mire ecosystems
suggest that most methane flux is associated with methane
transported from the root zone of Carex species from a
depth of 0.3-1.5 m through aerenchyma to the ambient air
(Rinne et al. unpublished data).

The third, and potentially most serious, problem with
methane measurements is that methane readily adsorbs to
every surface, in particular to surfaces of hydrophobic com-
pounds. Unfortunately, few data are available for low pres-
sure methane adsorption capacities, and extrapolation from
available adsorption isotherms to a low pressure range is in-
herently limited due to the very strong pressure-dependence
of adsorption at low pressures (Shao and Wang 2004).

Chromatography studies provide some information of
methane adsorption capacity at the relevant methane con-
centrations of 1-12 umol mol™. These studies suggest that
the methane adsorption capacity at 25°C may be between
0.24 g kg for charcoal and 0.85-14 g kg™ for typical po-
rous trapping materials used in chromatography (Harrison
et al. 2000; Thammakheta et al. 2005; Pollmann et al.
2006).

These materials are characterlzed by high surface area,
typically 100-1000 m* g™ for various adsorbents (Pollmann
et al. 2006). Cell walls of plants consist of a complex net-
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work of a highly porous polysaccharide matrix with typical
pore sizes of around 5 nm (Carpita et al. 1979; Carpita and
Gibeaut 1993; Bauchot et al. 1999), which also provides
potentially large effective surface areas.

It has been demonstrated that the methane adsorption
capacity per unit of surface area is higher for organic mat-
ter than for inorganic minerals, because of the presence of
these large number of small pores (Cheng and Huang
2004; Celzard and Fierro 2005). Wall pores are approach-
ing the molecular diameter of methane which allows a
strong interaction with methane molecules and that is lar-
gely responsible for the high adsorption capacities of or-
ganic matter (Biloe ef al. 2002; Lozano-Castello et al.
2002).

The outer epidermis of all leaves is also covered by a
highly porous and hydrophobic cuticle. There are also fur-
ther lignified hydrophobic regions in cell walls. All of this
suggests that large quantities of methane can potentially be
adsorbed to the external and internal surfaces of leaves.

Using the numbers for the adsorption characteristics of
plant cell walls based on that of coconut charcoal, we
estlmate an adsorption potential of about 40,000 ngCH4
kgDW™'. Even if the adsorption characteristics of cell walls
were substantlally less than those of charcoal, adsorption
would still be a potentially large source of experimental
artefacts. This is particularly significant for the release of
methane from dead plant material such as pectin for which
the desorption flux (see Table 2) could potentially be suf-
ficiently large to fully account for the observed apparent
emission rates (Table 1).

Given that an increase in temperature dramatically
reduces the strength of hydrophobic interactions, a tempe-
rature increase reduces the methane adsorption capacity of
leaves so that methane desorbs even if the external me-
thane concentration does not change (Harrison et al. 2000;
Shao and Wang 2004; Thammakheta et al. 2005; Pollmann
et al. 20006).

Adsorption and desorption are also relatively slow pro-
cesses. Sorption exchange with organic materials, in parti-
cular, can be very slow (Pignatello and Xing 1996). Some
studies have suggested that methane adsorbed to organic
materials can be released into methane-free air at steady
rates for periods of days to weeks (Zhang and Krooss
2001; Cheng and Huang 2004).

As adsorption/desorption is a basic physical process
that occurs everywhere, one has to expect that it would
modify any apparent emission fluxes, and, based on the
numbers in Table 2, in quantitatively important ways.
Reduced adsorption capacity at high temperature, in partic-
ular, could partly account for some, or all, of the apparent
light and temperature dependencies observed in the experi-
ments of Keppler et al. (2006).

In some of their work, Keppler et al. (2006) also ex-
posed their plant material to methane concentrations above
normal atmospheric concentrations, and methane release
continued despite the build-up of methane in the air sur-
rounding their samples. Under otherwise constant condi-
tions, such an apparent flux would be inconsistent with de-
sorption as a complete explanation for the observed fluxes.
However, when sample temperatures were higher than the
average temperature at which samples might have previ-
ously come to equilibrium with atmospheric conditions,
desorption is potentially possible even into air of a higher
concentration.

There is, therefore, a need for further research to deter-
mine the methane adsorption capacity of plant materials
under a range of temperatures and methane concentrations
in the relevant ambient range. While the determination of
methane adsorption at current ambient methane concentra-
tions poses challenges for experimental approaches, Higaki
et al. (2006) demonstrated that use of triticated methane
enables one to measure trace methane adsorption and
desorption rates of even stainless steel tubes with very low
surface areas.

Keppler et al. (2006) also recorded the isotopic compo-
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sition of released methane and found it to be -58.5 £ 1.2%o
(mean + 95% confidence limits; n = 48)' for methane re-
leased from C; plants and -49.6 + 1.3%o (rn = 8) for methane
released from Cy4 plants. In Tillandsia usneoides, the only
CAM plant included in the samples analysed by Keppler et
al. (2006), the discrimination was even more negative at
about -68%.. This evidence indicates that there must,
indeed, have been some aerobic release from intact plants
and dead plant material in the experiments of Keppler et al.
(2006) although the emission rates, and the response to
light and temperature, is likely to have been affected by
methane adsorption and desorption.

While the information available to us did not allow an
exact calculation of the rates at which methane might have
been desorbed, information on the adsorption potential of
other materials do indicate that it could have played a sig-
nificant role in adding to the observed apparent flux rates.
Methane may be simply adsorbed under cool conditions (i.e.
night-time) and desorbed under warmer conditions (i.e.
daytime). Dissolved methane coming out of solution would
have added a small additional flux to apparent total fluxes.

Dueck et al. (2007) overcame some of these problems
by growing plants in C- CO, and then measuring any Ie-
thane release in an atmosphere containing only 22 ppb C-
methane but a normal atmospheric concentration of about
2000 ppb '“C-methane. Their rationale was that any re-
leased methane of biogenic origin should also be labelled
with C, and the low background concentration during
measurements gave a higher detection limit for their anal-
ytical system. Using that approach, they observed an aver-
age methane emission rate from the1r 1ntact plants of only
5.8 + 3.1 (mean + S.E.) ngCH, kg™ s which is at least an
order of magnitude less (see Table 1) than the rates
observed by Keppler et al. (2006). When Dueck et al.
(2007) recorded the build-up of methane in their growth
chambers, they observed even lower apparent emission
rates of only 0.1 ngCH, kg™ s which was not significantly
different from 0.

The findings of Dueck ef al. (2007) are thus clearly in-
consistent with the observations of Keppler et al. (2006).
While the rates observed by Keppler ef al. (2006) could
have been increased by desorption, methane desorption
could not explain the plant-specific isotopic signature of re-
leased methane observed by Keppler et al. (2006). At pre-
sent, we are unable to suggest any possible explanation for
these conflicting findings.

Field measurements

In addition to the laboratory-based work of Keppler et al.
(2006), a number of studies have measured methane ex-
changes in the field with more or less direct methods. San-
hueza and Donoso (2006) measured methane exchange of a
tropical savannah in the field. They measured methane
fluxes by enclosing an area of vegetation in a chamber and
then recorded the subsequent change in methane concentra-
tion. Hence, they started from ambient methane concentra-
tions so that any adsorption/desorption should have lowered
their apparent rates, thus leading to an underestimation of
true rates.

They also darkened their chambers prior to measure-
ments and took their key reading about half an hour after
placing the chamber. This helped to maintain a constant
temperature but posed the problem that emissions were
recorded under dark conditions whereas the work of
Keppler et al. (2006) had illustrated the large stimulation of
emissions by exposure to light (Table 1). However, it is not
known over what time period emissions respond to changes
in light levels, and whether 30 minutes after darkening,

1 Calculated using the data in Table S1 in the supplemental information of
Keppler et al. (2006), using information at different temperatures and with
and without sunlight as separate observations. Data for 7. usneoides was
excluded as it has CAM rather than C; photosynthesis.
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emission rates still reflected light conditions or were
already responding to the darkened conditions.

Sanhueza and Donoso (2006) and Sanhueza (2007) stu-
died both intact C,-grass systems and systems where the
grass was clipped close to the surface and removed toge-
ther with any litter that was present. Their most significant
finding in the present context was that net emissions from
the system with intact grass were about 10 ngCH, m™ s
higher than for the system without live plants and litter.
The system without plants and litter instead was a slight
sink of about 5 ngCH; m™ s™' (Fig. 1). This observation
suggests that the plants were the source of methane al-
though it does not completely discount the possibility of
the flux being due methane desorption from plant tissue
while exposed to higher daytime temperatures as discussed
above.

Sanhueza and Donoso (2006) did not report on the
amount of biomass removed in their study, but if one
assumes that there was 0.5 kgDW m™, their measured rates
are of the same order of magnitude, but still significantly
less, than the rates reported by Keppler ef al. (2006), espe-
cially if one were to compare it against the rates in the light
(Table 1). It is possible that the differing effect of adsorp-
tion/desorption in the two studies could account for the dif-
ference. Other differences between species, growth or mea-
surement conditions could, of course, also further account
for any differences.

One interesting aspect of the study by Sanhueza and
Donoso (2006) was their observed temperature response,
with the difference between the systems with and without
plants diminishing with increasing temperature Below
30°C, there was about a 10 ngCH, m™” s™ difference attrib-
utable to methane release by intact plants, but above 30°C,
the difference and the apparent methane release completely
disappeared (Fig. 1). In contrast, Keppler et al. (2006) had
shown that methane release from dead tissue increased
strongly with temperature up to 70°C. The data of San-
hueza and Donoso (2006) suggested that methane release
from intact plants may have a very different temperature
response, thus possibly supporting the hypothesis that dif-
ferent processes may be involved in methane release in in-
tact versus dead plant material.

Other indirect evidence for the occurrence of aerobic
methane release comes from a study by Crutzen et al.
(2006), who observed nocturnal build-up of methane in an
inversion layer above mixed savannah and tropical forest
vegetation. This could correspond to aerobic methane re-
lease by plants, but other possible sources of methane, such
as termites, could not be excluded.

Sanhueza (2007) used the data of Crutzen et al. (2006)
and the savannah measurements by Sanhueza and Donoso
(2006) to deduce a forest emission rate of 70 ngCH, m?s’,
but the presence of other possible methane sources and the
general difficulties of confidently quantifying fluxes with
inversion techniques make that comparison uncertain.
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Fig. 1 Net methane exchange rates with and without plants as a func-
tion of temperature. Data redrawn from Sanhueza and Donoso (2006),
with negative exponential curves drawn through the two data sets.

While the study of Crutzen et al. (2006) is thus consistent
with the postulated magnitude of aerobic methane release,
other possible explanations cannot be excluded on the basis
of the available information.

do Carmo et al. (2006) observed nocturnal CH, emis-
sions in a field study in Brazil by measuring the concentra-
tion profile in an undisturbed rainforest and obtamed rates
of 80 + 64 (95% confidence limit) ngCH, m™ s™'. This is of
the same magnitude as the rates obtained by the other stu-
dies, but again other sources of methane, such as termites
or anaerobic micro-sites, as well as the variable sink-source
balance in the soil could not be further quantified. This
study is thus also consistent with the notion of the presence
of aerobic methane release, but other explanations could
also account for it.

Frankenberg et al. (2005, 2006) reported satellite obser-
vations of the CH,4 profile across the globe and included
comparisons with concentrations calculated from recog-
nised sources and sinks. They found that there were higher
than expected concentrations over tropical forest regions.
Aerobic CH, emission from plants could possibly resolve
this discrepancy. However, there is considerable uncer-
tainty in all the other flux terms of the global budget as well,
such as emissions from biomass burning, termites, wetlands,
the CH,4 production/oxidation balance in partly wet soils,
and oxidation rates by OH in the atmosphere (Allan ef al.
2007) so that other possible explanations for the discrepan-
cies cannot be ruled out, either. While global observations
like those of Frankenberg et al. (2005, 2006) can pinpoint
any discrepancies between observed and modelled budgets,
there are, in principle, several possible adjustments that
could be made to either source or sink terms to rectify those
discrepancies.

In summary, the studies of Keppler et al. (2006) and
Sanhueza and Donoso (2006) have demonstrated the ap-
parent release of methane from plants under aerobic condi-
tions. As the measured rates are exceedingly low, problems
of potential artefacts, such as adsorption and desorption, are
a persistent cause of concern and are likely to have added to
any actual plant-derived emissions. The observation of
plant-specific isotopic signatures of the released methane,
however, strongly supports the notion that at least part of
the observed emissions must be of biogenic origin. Dueck
et al. (2007), on the other hand, found no significant aero-
bic methane release. While this could indicate that much of
the flux observed by Keppler et al. (2006) and Sanhueza
and Donoso (2006) could be due to desorption, methane de-
sorption could not explain the plant-specific isotopic signa-
ture of released methane observed by Keppler ez al. (2006).
More work is clearly needed to further study the reasons for
different observations and the possible role of artefacts in
different experimental configurations.

In addition to these direct observations of aerobic
methane release, the studies by Frankenberg ef al. (2005,
2006), Crutzen et al. (2006) and do Carmo et al. (2006) all
present evidence that would be consistent with the presence
of aerobic methane release. However, without being able to
better constrain other potential source terms, the support
they lend to the existence of aerobic methane release is
only slight.

Hence, at this point it is not yet possible to confidently
conclude that aerobic methane release is, indeed, real and
of the magnitude given by Keppler et al. (2006), or whether
the apparent measurements were due to artefacts such as
methane desorption. However, the following discussion
will be based on the assumption that aerobic methane
release is, indeed, occurring and at the rates reported in the
original work of Keppler et al. (2006).

THE GLOBAL SIGNIFICANCE OF METHANE
RELEASE BY PLANTS

Keppler et al. (2006) used their original measurements to
extrapolate to total global emissions of 149 (range 62-236)
MtCH, yr', which would mean that this would constitute
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about one quarter of total global sources. However, Kep-
pler et al. (2006) had expressed their measured rates per
unit of biomass, yet used estimates of net primary produc-
tion to extrapolate their measurements to the global scale.

Kirschbaum et al. (2006) and Parsons et al. (2006), instead,

considered it to be more consistent if estimates of global
leaf mass were used for scaling instead. Using this alter-
native assumption, they derived estimates of 36 and 42
MtCH, yr', respectively. Parsons et al. (2006), addition-
ally estimated that non-leafy biomass could emit a further
10 MtCH, yr'. Sanhueza and Donoso (2006) and Sanhu-
eza (2007) also used the measurements from their savan-
nah system and tried to extrapolate that to a larger scale,
and with their estimates were within the range of values
calculated by Kirschbaum ez al. (2006) and Parsons et al.
(2006) for savannah ecosystems.

A major problem with scaling estimates is that the ori-
ginal measurements were done at a particular temperature,
light level and physiological state of the plants, and on a
limited number of species, yet emission rates are likely to
change with any of those conditions, but it is not known in
what way. The extrapolation based on net primary produc-
tion or leaf mass all rely on the implicit assumption that the
original rates would be representative across all the various
bioclimatic conditions that plants would experience across
the world.

One approach to partly overcome that problem was
used by Kirschbaum et al. (2006) by assuming that the
ratio of photosynthesis to methane release would, instead,
be a more conserved metric across the range of different
environmental and plant physiological conditions. There is
no direct evidence in support of this assumption, but it is
just as plausible as the assumptions underlying the use of
leaf mass as the basis of scaling. Using that approach, Kir-
schbaum etz al. (2006) derived an even lower estimate for
global emissions from living and photosynthesising plants
of only 10 MtCH, yr".

Ferretti et al. (2007) estimated likely global aerobic
methane release by using constraints by isotopic ratios of
methane recovered from ice core bubbles (Ferretti ef al.
2005) and considerations of the mass balance of methane
sources and sinks (Etheridge e al. 1998), especially pre-
industrially”. Based on those constraints, they concluded
that aerobic methane release would have to be in the range
of 0-46 MtCH, yr' to be consistent with these measure-
ments and remain within the uncertainty range of the other
recognised sources and sinks.

Houweling et al. (2006) conducted an even more de-
tailed analysis, including regionally based modelling of
methane sources and sinks and compared that against the
methane concentration profile observed by Frankenberg et
al. (2005, 2006) as well as both present-day and pre-indus-
trial isotopic composition and the overall budget. They
concluded that aerobic methane release had to be in the
range of 0-85 MtCH, yr' to be consistent with those vari-
ous constraints.

The pre-industrial budget constitutes a particularly
strong constraint on maximum values for aerobic methane
release. Any pre-industrial plant emissions presumably
would have been as high or higher than they are currently,
but other methane emissions would have been much smal-
ler than they are currently (Etheridge ef al. 1998) so that
aerobic emissions from plants would have constituted a
greater proportion of total emissions. This means that there
is less scope for adding aerobic methane as an additional
pre-industrial flux without conflicting with the current

? The reference to pre-industrial should more fully be expressed as pre-
industrial/pre-agricultural as agriculturally-based emissions from rice
cultivation and enteric fermentation in ruminants are quantitatively very
important in addition to fossil-fuel based emissions and emissions from
modern landfills. As a short-cut, this is referred to as just pre-industrial
here and in the following.

143

understanding of other estimated pre-industrial fluxes and
their uncertainties.

Houweling et al. (2006) specifically attempted to
modify the size of the assumed aerobic methane source to
reconcile modelled methane concentration surfaces with the
satellite observations of Frankenberg ef al. (2005, 2006).
One problem with that work is that aerobic methane not
only has some annual average rate, but is likely to also vary
seasonally with factors such as temperature and physiolo-
gical attributes of leaves. Hence, it would not be appropri-
ate to just add an additional methane source of constant
source strength wherever there are plants present. Instead,
that source strength would have to be differentiated based
on some environmental or plant attributes, but with current
knowledge, it is not possible to add such differentiation.

For instance, Keppler et al. (2006) showed that rates
increase with light exposure, but it is not known whether
there is some saturation level. They also showed that the
emissions from dead tissue increased strongly with tempe-
rature, but Sanhueza and Donoso (2006) found that emis-
sions from intact plants appeared to decrease with increa-
sing temperature (Fig. 1). Hence, while it seems likely that
methane emissions will not be constant, it is unclear in
what way and to what extent they may change with tempe-
rature or with any other environmental or plant-physiolo-
gical variable. Depending on these relationships, the inclu-
sion of aerobic methane release could possibly help to re-
concile the discrepancy with current global observations,
but more would need to be understood of the dependence of
aerobic methane release on environmental and plant-inter-
nal conditions.

In summary, in the original publication, Keppler et al.
(2006) proposed a potentially large global aerobic methane
flux. However, that original estimate has not been suppor-
ted by other studies that tried to estimate total global emis-
sions. These studies ranged from simple scaling based on
the original flux rates measured by Keppler et al. (2006),
but using different and perhaps more consistent assump-
tions, to more sophisticated approaches that used full bud-
geting and isotopic constraints on the magnitude of this
potential new source. All of these studies concluded that
aerobic methane release would have to be a smaller source
than that originally postulated by Keppler et al. (2006),
contributing between 0-10% of current and 0-30% of pre-
industrial emissions.

At the same time, all of these studies were hampered by
a lack of even basic knowledge of the dependence of me-
thane release on the bioclimatic condition of leaves. Further
basic process studies and more sophisticated modelling ap-
proaches are required before the role of acrobic methane re-
lease can be more confidently quantified at the global scale.

CONTRASTING LAND-USE OPTIONS

Perhaps the most important consequence of the work of
Keppler et al. (2006) was an immediate questioning of the
value of tree plantings as a greenhouse response strategy,
and various media commentators saw great importance in
this new finding, some even casting doubt on the very basis
of the Kyoto Protocol. At the same time, it is difficult to see
where that assessment originated from as Keppler et al.
(2006) had made no claim as to the potential significance of
their findings for tree planting strategies.

The significance for tree plantings was alluded to in an
opinion article (Lowe 2006) that accompanied the original
publication of Keppler’s work in Nature. However, that ar-
ticle also did not include any calculations of the quantita-
tive effect of aerobic methane release on the value of tree
plantings as a greenhouse mitigation option, and we are not
aware of any published calculations that would have sup-
ported that early flurry of media activity.

A first quantification of the effect of aerobic methane
release on negating the carbon storage benefit of tree plan-
tings was provided by Kirschbaum et al. (2006). They used
a range of assumptions covering the range of observed me-
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Table 3 Methane fluxes due to aerobic methane release, soil oxidation and grazing sheep and combined net fluxes for a system studied in New Zealand.
All fluxes are expressed in ngCH; m? s™ and given as means + standard deviations. Positive numbers are emissions to the atmosphere and negative
numbers are uptake from the atmosphere. Modified from the data in Kelliher ez al. (2006).

Aerobic methane release

Soil oxidation

Ruminant emissions Net emissions

Forest 51435
Grazed grassland 10+6
Difference (Forest - grassland) 41

-33+7 0 17 +36
-4+1 304 £82 310+ 83
-29 -304 -293

thane release rates and assumptions that were represen-
tative of different tree-grass comparisons and concluded
that the carbon storage benefit would be negated by
aerobic methane release by only between 0 and 4.4%, with
a most likely estimate of less than 1%.

In addition, soils of most ecosystems also oxidise CHy,
and in the context of assessing the impact of land-use
choices on the methane cycle, any effects of land use on
aerobic methane production rates are as important as ef-
fects on methane oxidation rates in the soil. Oxidation rates
are generally in the range of 3-15 ngCH, m™ s (Smith ez
al. 2000; Mosier et al. 2004; Sanhueza and Donoso 2006),
with a typical reduction by about 2/3 when soils are culti-
vated (Smith et al. 2000). Oxidation rates can increase
again under forests when soils remain uncultivated, but the
recovery generally takes decades to centuries (Smith et al.
2000).

As methane oxidation rates are largely diffusion limi-
ted (Striegl 1993; Ridgwell et al. 1999), the greater oxida-
tion rates in forest soils may be related to soil structure and
the properties of any litter layer. Inorganic nitrogen has
also been shown to have a direct inhibitory effect on me-
thane oxidation rates (Le Mer and Roger 2001). Methane
oxidation rates are strongly dependent on soil moisture
conditions, being highest at intermediate soil moisture (e.g.
MacDonald et al. 1996; Price et al. 2004). When soils are
too wet, soil micro-sites become anaerobic and CHy is pro-
duced rather than oxidised.

Hence, forests have the benefit, at least compared to
cultivated soils, of encouragmg CH, oxidation in the soil
by =3-10 ngCH4 m? s (Smith et al. 2000) which adds to
the benefit of tree plantings. It is also important to treat
methane oxidation not as a flux with a constant rate, but, as
the work of MacDonald et al. (1996) and Price et al.
(2004) has shown, as a flux that is highly dynamic and can
even change from an uptake to a release with moderate
changes in soil wetness. This creates significant problems
for scaling net methane emissions to the global scale.

Other changes usually accompany the transition be-
tween forest and agricultural land uses, and Kelliher et al.
(2006) showed that methane emissions from enteric fer-
mentation from ruminant animals such as sheep or cattle
are or the order of 300 ngCH,4 m™ s and are likely to be
quantitatively much more important than aerobic methane
release from plants or methane oxidation in the soil. So,
while aerobic methane release may be hlgher from a forest
than a grassland (by 41 ngCH, m™ as calculated by
Kelliher et al. 2006), the total net effect including aerobic
methane release, methane oxidation in the soil and animal
emissions, means that net emissions are much h1gher from
a grazed pasture than forests (by 293 ngCH, m™” s'; Table

3).
CONCLUSIONS

When Keppler ef al. (2006) early in 2006 described the first
observations of aerobic methane release by living plants
and dead organic matter, it caused major excitement and a
re-think of the total global methane budget. However, at the
time of writing this review, these original findings have not
yet been independently repeated and confirmed, and the
only other detailed laboratory based study (Dueck et al.
2007) reported findings that were inconsistent with the fin-
dings of Keppler et al. (2006). Some studies have lent cir-
cumstantial support to the existence of aerobic methane re-
lease, but the circumstantial nature of these observations
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does not rule out alternative explanations, either. So far, no
plausible chemical mechanism for the process has been
postulated, and it is particularly puzzling how the process
can occur abiotically.

In addition, there are still important methodological
concerns, particularly with respect to adsorption/ desorption
processes that are likely to have modified any observed
apparent emission rates, but the likely magnitude of these
problems has yet to be determined. Until there is a better
quantification of the effects of adsorption/ desorption, in
particular, one needs to be cautious about the acceptance of
any observed apparent emission rates. It would be prefer-
able if experimental procedures could be devised to over-
come these concerns of possible artefacts. Kirschbaum et al.
(2006) also suggested a range of additional experiments that
could be conducted to allay concerns about possible arte-
facts and better determine the physiological relationships
between aerobic methane release and temperature, light
level, length of exposure, differences between species and
the actual biochemical compounds from which methane is
derived.

Within the global context, aerobic methane release is,
however, likely to only play a minor role in any case. All
studies have consistently shown that aerobic methane re-
lease is unlikely to be responsible for more than about 10%,
at most, of current emissions although may have contributed
a more significant proportion to pre-industrial emissions.

In the context of land-use change, consideration of aero-
bic CH, emissions from different plant types is a small fac-
tor and likely to be outweighed by effects on soil oxidation
and ruminant emissions, where they occur. The effect of car-
bon sequestration in greenhouse gas equivalent terms is
likely to be more than 100 times as important as any change
in aerobic methane release.

Acrobic methane fluxes are exceedingly small even at
the rates reported by Keppler et al. (2006). While a more
complete understanding of aerobic methane release is im-
portant in terms of completing our understanding of all me-
thane sources and sinks, it is unlikely to require a major re-
think of the global distribution of sources and sinks. It is
also unlikely to have any significant bearing on greenhouse
mitigation strategies.
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