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ABSTRACT

The magnitude and geographical distribution of natural sources and sinks of atmospheric CH,
in the biosphere are still poorly known. Estimates of the net contribution from northern wetlands
have been lowered during recent years. According to current consensus, about 35 Tg CH,/yr
originates from northern wetlands and tundra. A process-oriented ecosystem source model for
CH,, is used here to obtain an independent estimate for this flux. The model estimates steady-
state seasonal cycles of NPP and heterotrophic respiration (HR). It accounts for peatland
carbon storage and then obtains CH, emission as a proportion of HR with the constant of
proportionality (as a range) estimated from observations. The model was shown consistent with
seasonal data (including winter) on NPP, soil respiration and CH, emission at sites spanning
a range of latitudes and climates. Applied on a 1° grid basis using standard climatological and
wetland distribution data sets, this approach yields a total non-forested wetland and tundra
emission (>50°N) of 8.7+ 5.8 Tg CH,/yr. After inclusion of forested wetlands, we estimate a
total emission from northern wetlands and tundra of 20+13 Tg CH,/yr. This is somewhat
lower than current atmospherically based estimates. The difference may be due to localized
high emissions, which have been reported, e.g., for West Siberian wetlands but which are not

well understood and not included in current models.

1. Introduction

Next to water vapour and carbon dioxide,
methane (CH,) is the most abundant greenhouse
gas in the troposphere. CH, is estimated to have
contributed 17% to the total trace gas induced
radiative forcing of the global climate over the
past 200 years (IPCC, 1990) and its concentration
in the atmosphere has been increasing at about
0.8%/yr over the 1980s (IPCC, 1995). The rate of
increase has recently shown a so far unexplained
decrease (Dlugokencky et al,, 1994). The anthro-
pogenic sources of CH, that have mainly caused
the increase are fairly well documented (Wahlen,
1993), but there is still considerable uncertainty

* Corresponding author.

about the natural sources and sinks which could
be altered by changes in climate. Natural wetlands
are thought to be one of the largest natural
sources, emitting about 110 Tg CH,/yr (Fung
et al, 1991, IPCC, 1992), but the latitudinal
breakdown of this figure is highly uncertain. The
first comprehensive global wetland and CH, emis-
sion inventory estimated that a high proportion
of natural emissions, around 65 Tg CH,/yr, arose
from northern wetlands between 50° and 70°N
(Matthews and Fung, 1987). This estimate was
based on a few field campaigns in isolated parts
of the northern wetland region. The global esti-
mates have been lowered as more field data have
become available (Aselmann and Crutzen, 1989;
Fung et al., 1991; Reeburgh et al,, 1994). Current
estimates, based on inverse modelling of the global
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methane cycle (Taylor et al, 1991; Fung et al.,
1991) and on reviews of data from field campaigns
(Bartlett and Harriss, 1993; Reeburgh et al., 1994),
have converged around a total emission of 35 Tg
CH,/yr from northern wetlands and tundra.

Several studies have shown empirical relation-
ships between net primary production (NPP) of
wetland ecosystems and CH, emissions (Clymo
and Reddaway, 1971; Svensson, 1980; Aselmann
and Crutzen, 1989; Whiting and Chanton, 1992;
Klinger et al,, 1994). Alternatively, a relationship
between net ecosystem production (NEP) and
CH, emissions was shown to apply across a large
latitudinal range (Whiting and Chanton, 1993).
However, the underlying processes are not as
straightforward as these empirical relationships
would suggest. Relevant processes include stimula-
tion of methanogenesis by increasing substrate
availability involving root exudation (Schiitz et al.,
1989), plant origin of accumulated peat (Nilsson
and Bohlin, 1993), degree of decomposition
(Svensson and Sundh, 1992) and litter input
(Valentine et al., 1994). Relationships between
vascular plant production and CH, emission,
caused by plants acting as gas conduits bypassing
zones of potential CH, oxidation in the soil, have
also been found (Whiting and Chanton, 1992;
Morrissey et al., 1993; Christensen, 1994; Bubier
and Moore, 1994; Chanton and Whiting, 1995;
Schimel, 1995), suggesting that wetland vegetation
composition (vascular plants versus bryophytes)
may affect CH, flux. A fully mechanistic approach
to modelling net CH, flux from these ecosystems
seems unachievable at present given the limited
extend to which these processes have been
quantified.

In this paper we apply an ecosystem CH, source
modelling approach that is simple and process-
oriented in the sense that it is based on simulation
of average annual cycles of NPP, NEP and hetero-
trophic respiration (HR); then, empirical observa-
tions are used to constrain the proportion of HR
that is released as CH, rather than CO,. We use
this approach to produce an independent estimate
of the northern wetland contribution to the atmo-
spheric methane budget.

2. Methods

21. NPP

NPP estimates are supplied by a version of the
BIOME 2 model (VEMAP, 1995; Haxeltine et al.,
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1996; Haxeltine and Prentice, 1996). BIOME 2
simultaneously solves for ecosystem structural
attributes (foliage cover, phenology) and carbon
and water fluxes. Model input consists of latitude,
soil type and mean monthly climate (temperature,
precipitation and sunshine hours) data on a 0.5°
grid. Incident photosynthetically active radiation
(PAR) is calculated as a function of latitude and
sunshine hours using an algorithm described by
Prentice et al. (1993). Photosynthesis is calculated
as a function of the intercepted PAR and tempe-
rature using a generalised model for photosyn-
thesis in C3 plants (Haxeltine and Prentice, 1996).
Intercepted PAR is calculated from the leaf area
index (LAI) and incident PAR flux. LAI is calcu-
lated so as to optimize NPP subject to the con-
straint that NPP must be sufficient to maintain
the given LAIL. Whole plant respiration costs are
assumed to be 50% of total photosynthesis. For
wetlands, soil water was assumed to be always
adequate to satisfy evaporative demand and there-
fore not limiting to photosynthesis.

2.2.  Respiration

Heterotrophic respiration (HR) is calculated
from the following expression (Lloyd and Taylor,
1994):

HR =ﬁ exp 308.56(1/56.02 - 1/(T —227‘13))’

where T is soil temperature. § implicitly includes
both the amount of decomposable carbon and the
respiration rate of that carbon at a reference
temperature. f was estimated iteratively such that
the steady state constraint condition was satisfied.

To account for carbon storage in peat monthly
respiration values were adjusted by subtracting
monthly carbon storage values. Gorham (1991)
estimates long-term rates of carbon accumulation
in undisturbed northern peatlands to be 23-29 g
C/m?/yr. However, given indications of a recent
change in the carbon balance of some high north-
ern wetland and tundra areas (Oechel et al.,, 1993)
we estimate a somewhat more conservative mean
annual carbon storage figure of 10 g C/m?/yr. This
figure is not out of range of reported and calcu-
lated ranges from Canadian (Ovenden, 1990) and
Eurasian (Botch et al., 1995) peatlands. It should
be noted here that the carbon storage rates of
these different studies are not directly comparable.
For example, the estimates of Gorham (1991)
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refers to average accumulation rates over thou-
sands of years while the data presented by Oechel
et al. (1993) represents short term studies of
changes in the seasonal carbon balance. In any
case the model is fairly insensitive to variations in
the carbon storage value (varying the annual
storage between 10 and 20 g C/m? only results in
a 3% change in HR). Monthly carbon storage
was calculated by distributing the total carbon
storage through the year in proportion to monthly
NPP. Thus, annual NEP is subject to the con-
straint that

12
NEP=Y [(NPP)month—(HR)month]
1

=10gCm 2yr 1,

This method eliminates the need to explicitly
define specific decay rates, which can differ among
peat types (Hogg, 1993), and also the need to
estimate the total decomposable carbon content.

23. CH,flux

The Matthews and Fung (1992) digital wetland
database was used to identify the coverage of
wetlands north of 50°N. The area of wetland in
each 1° grid cell was calculated as the total area
of a grid cell multiplied by the percent inundation
as given by Matthews and Fung (1992).

CH, emissions per unit area of non-forested
wetlands and wet tundra were estimated as 3+2%
of heterotrophic respiration. This range covers
estimates from studies in which NPP and/or res-
piration and CH, emission were simultaneously
measured (Table 1). Applying this ratio to forested
wetlands will most likely result in an overestima-
tion of the total emissions since forested wetlands
per se has a lower CH, flux to respiration ratio

T. R. CHRISTENSEN ET AL.

than that of non-forested environments (Roulet
et al,, 1994). However, the forested wetland cat-
egories of Matthews and Fung (1987) encompasses
significant areas of non-forested wetlands e.g. in
Finland (categorised entirely as forested) where
high emission rates have been found in several
open bog environments (Alm and Martikainen,
pers. comm. 1995). The available data from
forested bogs suggests a CH, flux to respiration
ratio of less than half that of open wetlands but
given the high producing open bogs present
within forested wetland categories we assume the
forested wetland CH, flux to respiration ratio as
having a mean of 1.5%.

The estimated CH, emission was multiplied by
the area of wetland in each grid cell. Finally, the
monthly values were summed to return total
annual emissions per grid cell per year.

3. Results and discussion

31. NPP

Measured annual NPP shows a considerable
range among sites (Fig. 1), from 100 to more than
500 g C/m?/yr (Bradbury and Grace, 1983; Potter
et al, 1993; Klinger et al, 1994). All modelled
NPP figures for northern wetlands fall within this
range. The model furthermore reproduces vari-
ation of NPP with latitude and continentality,
e.g., the contrast between Toolik Lake, Alaska,
and Abisko, Sweden, both at 68°N. Colder summer
temperatures and shorter growing seasons in
Alaska causes a lower simulated annual NPP.

3.2. Respiration and methane flux

Fig. 2 illustrates the relationship between meas-
ured and modelled soil respiration at nine wet

Table 1. Ratios of Ccy, flux to total carbon flux as found in different studies.

Relationship % Source Ref

Cen,/Cresp 1-4.5 field study in Britain Clymo and Reddaway (1971)
Cen,/Cresp 1.8 field study in Sweden Svensson (1980)

Cen,/Cner 2-7 literature study Aselmann and Crutzen (1989)
Ccn,/Cnpp <2 field study in HBL, Canada Klinger et al. (1994)

Cen,/Cnpp 34 modelling study Cao et al. (1996)

Cen,/Cresp 2.7-4.7 field study in Siberia Christensen et al. (1995 and

unpub.).
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@ NPP (modelled) . NPP (observed)

NPP (g C/m2Hyr)
8 8

Fig. 1. Modelled and observed annual NPP figures from
northern wetland sites. The range of NPP in northern
wetlands is indicated by the dashed lines (Bradbury and
Grace, 1983). BAl: Bethel, Alaska, 61°N, 162°W
(Whiting et al.,, 1992). TLA: Toolik Lake, Alaska, 68°N,
149°W (Shaver & Chapin, 1991). FBA: Fairbanks,
Alaska, 64°N, 145°W (Lieth and Whittaker, 1975). HB1:
Hudson Bay Lowlands, 51°N, 81°W (Whiting, 1994;
Klinger et al, 1994). SPQ: Schefferville, Quebec, 55°N,
66°W (same as HB1). ABS: Abisko, Sweden, 68°N, 20°W
(Lieth and Whittaker, 1975).

» o (=]
| PSR EUTRTEE S |

CO,, (g/m?/day)
w
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Fig. 2. Scatter diagram of measured (x-axis) and mod-
elled (y-axis) summer (July—August) soil respiration rates
across a range of wet tundra sites in northern Eurasia
(Christensen et al., unpublished data, see Christensen
et al,, 1995 for site descriptions). The error bars along
the x-axis are the standard error of mean in the observa-
tions (n=10). The solid line is a linear regression (r=
0.77, p<0.05, n=9) and the dashed line indicate equality
between modelled and measured respiration.

tundra sites across Siberia. The model reproduces
the scale and variation in peak season respiration
across a range of sites with reasonable accuracy.
The model has a slight (non-significant) tendency
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to overestimate respiration in the far north.
Relatively high methane fluxes in the far north
have been consistently reported in the literature
(Sebacher et al, 1986, Whalen and Reeburgh,
1990; Morrissey and  Livingston, 1992;
Christensen, 1993; Christensen et al, 1995). On
the contrary, relatively low fluxes were consist-
ently found in some boreal peatlands at low
latitudes (Roulet et al., 1994). However, due to
shorter growing seasons in the far north and
possible higher winter emissions in the south
(Dise, 1992), those differences may be smaller
when comparing annual fluxes rather than peak
season emissions.

When comparing annual methane fluxes across
study sites at different latitudes the modelled
results are found to be within range of most
observed emissions (linear regression: r=0.54,
p<0.1, Fig. 3). The exception is the North Slope
(TLA) site where fluxes previously have been
found to have a somewhat higher flux than the
average for comparable environments in Siberia
(Christensen et al., 1995).

Whiting and Chanton (1993) showed a geo-
graphic correlation between NEP and methane
emissions from wetlands. Whiting and Chanton
based their comparison on field measurements of
net CO, and methane fluxes at particular sites
and times. Although this approach seems to work

B cH, flux (modelieq)

20 . CH, fiux (measured)
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Fig. 3. Modelled and measured annual methane emis-
sion estimates at varies northern wetland sites. The error
bars on model stables represent the range given the
CH,/CO, ratio. BA1l: Bethel, Alaska, 61°N, 162°W
(Bartlett et al., 1992; Fan et al,, 1992). TLA: Toolik Lake,
Alaska, 68°N, 149°W (Christensen, 1993). FBA:
Fairbanks, Alaska, 64°N, 145°W (Whalen and Reeburgh,
1992). HB1: Hudson Bay Lowlands, 51°N, 81°W (Moore
et al, 1994; Roulet et al, 1994). SPQ: Schefferville,
Quebec, 55°N, 66°W (Moore et al., 1990). ABS: Abisko,
Sweden, 68°N, 20°W (Svensson and Roswall, 1984).
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for the chosen sites and times it face problems
when applied to seasonal cycles. Seasonal me-
thane emission studies in high latitudes have
generally shown peak emissions in late summer,
typically August (Svensson, 1980; Whalen and
Reeburgh, 1992; Christensen, 1993; Klinger et al.,
1994; Moore et al., 1994). On the contrary, the
highest rates of NEP in northern wetlands are
normally found in early summer turning towards
zero or negative rates in August-September
(Potter et al., 1993; Whiting, 1994). Fig. 4 shows
sesonal variations in methane flux as produced
by our model all of which are roughly in
accordance with field data.

Christensen (1993) showed that increasing
methane emissions through the season at a wet
tundra site were correlated with the number of
growing degree days above 0°C through the
season. The integrated effect of soil temperatures,
thaw depth and soil moisture were found to be a
sufficient basis for modelling seasonal fluctuations
in methane flux from tundra (Christensen and
Cox, 1995a; 1995b). The seasonal cycle of me-
thane emission from a temperate peatland has
also been modelled successfully as a relatively
simple function of soil temperature and moisture
(Frolking and Crill, 1994). These results indicate
that methane emissions are strongly constrained
by climatically controlled below-ground condi-
tions. We therefore propose that soil respiration
is a more appropriate index of methane emission
than NPP or NEP since CH, emission is directly

T. R. CHRISTENSEN ET AL.

related to the anaerobic fraction of heterotrophic
respiration of soil organic matter and sub-
sequently the oxidising heterotrophic processes in
the upper soil horizon. Soil respiration and NPP
are closely coupled on an annual time scale,
however, and modelling NPP is an essential step
in modelling respiration.

The CO,/CH, ratio used in the model does
not explicitly depend on changing moisture con-
ditions. This is somewhat unrealistic. In reality
the ratio varies with water table fluctuations,
both seasonally and interannually. However, the
present model was not designed to mechan-
istically model the response of wetland emissions
to a changing climate as other models have done
(e.g. Christensen and Cox, 1995a). For the present
purpose it was more appropriate to assume
constant wetland soil moisture conditions on a
multi-year time scale. The simulated seasonal
cycles (Fig. 4) are therefore to be regarded as
standardised and we would expect there to be
some variation around these cycles related to
climatic variability, especially variations in the
water balance.

3.3. Winter fluxes

There is accumulating evidence from field and
laboratory surveys that soil respiration at sub-
zero temperatures shows significant rates of CO,
evolution (Zimov et al., 1993; Clein and Schimel,

100
% - TLA
80 —e— HB1
= 70 —— BA1
2 60 —o— ABS
£
E) 50 -1 FBA
= 40
© 30
20
10
0

T T T T T T T T T ]
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 4. Seasonal variations in mean net methane flux at a number of northern wetland sites as produced by the

model. See Fig. 3 for site codes.
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1995; Martikainen et al, 1995; Nykinen et al.,
1995) and CH, emission (Dise, 1992; Martikainen
et al, 1995, Nykinen et al., 1995) in northern
wetland and tundra environments. The available
information is scattered and more data are needed
before model descriptions of the processes can be
reliably tested (Clein and Schimel, 1995; Fan et al.,,
1995). Nevertheless, the available data seem to be
in line with our model prediction to the effect that
up to 45% of the total annual respiration may
take place during the nongrowing season (months
with no NPP, Fig. 5). Clein and Schimel (1995)
estimated that up to 30% of the annual respiration
in moist tundra communities may happen during
winter. Similar ratios were found in interannual
flux studies of Finnish peatlands (Martikainen
et al, 1995; Nykinen et al, 1995). Oechel et al.
(pers. comm., 1995) have found winter respiration
to constitute up to 50-75% of the annual total in
wet tundra habitats at Point Barrow, Alaska. Our
model seem therefore to represent a realistic
picture of seasonal variations in soil respiration.

3.4. Comparison of global estimates

Fig. 5 shows the geographical distribution of
global methane emissions from northern wetlands
according to our model using the Matthews and
Fung (1987; 1992) global wetland dataset. Fig. 5
illustrates four main wetland regions: The low-
lands of boreal Europe and Scandinavia, the
Western Siberian Plain, the Alaskan wetland areas
and the wetlands in central Canada, in particular
the Hudson Bay Lowlands. The most widespread
non-forested wetlands are those in Canada and
western Siberia. Most of Alaska and many north-
ern regions in Eurasia are shown to have relatively
high emissions on a per square meter basis
(Fig. 5a), but when extrapolated the regional fluxes
to the atmosphere are lower (Fig. 5b). This phe-
nomenon reflects a smaller percentage inundated
area in these grid cells.

An estimate of the emission from all the
Matthews and Fung (1987) categories of northern
wetlands is seen in Fig. 5. The total global figure
derived by this approach (with the same range as
given previously for the CO,/CH, ratio) amounts
to 20+ 13 Tg CH,/yr. Non-forested wetlands and
tundra alone contribute 8.74+5.8 Tg CH,/yr to
this modelled total.
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Fig. 5. Global methane emission from northern wetlands
(above 50°N) as defined by Matthews and Fung (1992)
and weighted by our model. Fig. 5a shows emission per
square meter of wetlands within the respective grids.
Fig. 5b shows the modelled total emissions per grid cell.
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Aselmann and Crutzen (1989) estimated CH,
emissions from global wetlands. Aselmann and
Crutzen did not separate forested and non-forested
wetlands and they used their own geographical
dataset, which differs from Matthews and Fung’s
(see discussion in Aselman and Crutzen, 1989), so
our estimates are not directly comparable to theirs.
However, they linked NPP rates of 100-700 g
C/m?/yr for northern wetlands (similar to those
produced by our model) to methane emission by
a Cey,/Cresp ratio of 2-7%. Using an approach
quite similar to ours, they estimated northern
wetland emission at 25 Tg/yr. This is within the
range that we estimate.

Cao et al. (1996) used a process based model
to estimate global CH, emissions from natural
wetlands. This model estimates CH, emissions
based on the substrate limitations on methanog-
enesis imposed by primary production and soil
decomposition rates and the subsequent oxida-
tion processes. The calculated net primary pro-
duction rates are similar to those produced by
our model, and the calculated mean proportion
of NPP that is returned to the atmosphere as
methane is 3.4%. Cao et al. (1996) estimates total
northern wetland emission of 21.8 Tg/yr, i.e. very
similar to our result. They used the TEM model
(Raich et al, 1991; Mcguire et al, 1992) to
produce NPP estimates and assumed, as we have,
that wetland soils are constantly saturated. Since
we also used the same geographical dataset
(Matthews and Fung, 1987) the similarity in the
results ultimately reflects agreement between the
simulated NPP produced by TEM and BIOME
2. However, the simpler approach taken in the
present paper seems sufficient for producing a
well founded global estimate.

It thus appears that the global estimates of net
CH, flux from northern wetlands obtained by
process-oriented modelling approaches are con-
sistently lower than the original Matthews and
Fung (1987) estimate (the authors acknowledge
their 1987 estimate were too high), and also some-
what low compared with the current consensus
ITPCC (1995) estimate of around 35 Tg CH,/yr for
northern wetland emissions. The TPCC estimate
is based on reviews of the available field data
(with a high North American bias) (Bartlett and
Harriss, 1993; Reeburgh et al., 1994), but also on
the, to date, most comprehensive inverse modelling

T. R. CHRISTENSEN ET AL.

studies of the global methane cycle (Fung et al.,
1991; Taylor et al, 1991). In addition, another
recent inverse modelling study of the global atmo-
spheric methane cycle does not suggest any lower
emissions from northern wetlands (Hein et al, in
preparation). The fact that we estimate lower
global northern wetland emissions may therefore
not necessarily reflect a smaller total atmospheric
input from the northern wetland regions. Rather,
it could indicate that the flux patterns may not be
fully captured by averaged emission calculations
alone. Localised high emissions (which are difficult
to model) may influence the global signal. Some
wetlands in West Siberia have been found to have
extremely high emissions, beyond any relation-
ships with environmental or biotic factors found
elsewhere (Panikov et al., 1995). Wetland regions
in Eurasia may therefore hold a key to understand-
ing the apparent discrepancies between “bottom-
up” and “top-down” CH, emission estimates.

In conclusion, using a process-oriented eco-
system source model, we estimate global north-
ern wetland and tundra CH, emissions to be
20413 Tg CH,/yr. This is lower than the current
consensus estimate of 35 Tg CH,/yr. The model
is based on an observed proportionality between
aerobic heterotrophic respiration and methane
emission in wetland environments, with the NPP
and respiration source figures being well in
accordance with established data from northern
wetlands. If CH, emissions from these environ-
ments are greater than our estimate the reason
might lie in large but regionally localised emis-
sions, which at present seems difficult to account
for in models.
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