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Carbon cycling in peatlands — A
review of processes and controls

Christian Blodau

Abstract: Covering only 3% of the land area, northern peatlands store about 30% of the
global soil carbon and account for 5 to 10% of the global methane burden to the atmosphere.
A review of the literature on net ecosystem exchange, net primary productivity, carbon
mineralization, methane emissions, and dissolved organic carbon dynamics indicates that
peatlands can be both C sources and sinks. The temporal and spatial variability of fluxes

is large, but a substantial portion of this variation can be explained by environmental and
ecological variables. Uncertainty in predictions about carbon dynamics under changing
environmental conditions arises from a number of knowledge gaps: (i) the understanding

of how organic matter is mineralized and partitioned into carbon dioxide, methane, and
dissolved organic carbon is insufficient; (ii) little is known about the consequences of long-
term and short-term disturbances, such as elevated carbon dioxide concentrations, nitrogen
and sulfur deposition, fire, and droughts, on the individual components of the carbon cycle;
(iii) models that capture the dynamic interaction of the processes and their controls have not
been developed yet, with the notable exception of methane dynamics.
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Résumé Couvrant seulement 3 % de |a surface terrestre, les tourbiéres nordiques constituent
environ 30 % du carbone global du sol, et représentent 5 a 10 % de la charge en méthane
vers |"atmosphére. Une revue de la littérature sur les échanges nets de I’ écosystéme,

la productivité primaire, la minéralisation du carbone, les émissions de méthane, et la
dynamique du carbone dissout indique que les tourbiéres peuvent a la fois agir comme
source et comme puit de C. La variabilité spatio - temporelle des flux est grande, mais une
portion substantielle de cette variation peut s expliquer par des variables environnementales
et écologiques. L’incertitude des prédictions portant sur la dynamique du carbone sous

des conditions changeantes de I’ environnement, proviennent de plusieurs connaissances
déficientes. (i) La compréhension du processus de la minéralisation de la matiére organique
et la partition en dioxyde de carbone, méthane et carbone organique dissout, est insuffisante.
(ii) On connait peu de choses sur les conséguences a court et & long terme de perturbations
telles que les teneurs élevées en dioxyde de carbone, les dépdts d azote et de soufre ainsi que
le feu et les sécheresses, sur les composantes individuelles du cycle du carbone. (iii) Aucun
modéle n’a encore été développé pour saisir I'interaction dynamique des processus et leur
contrdle, sauf |I'exception notoire qui est celle de la dynamique du méthane.

Mots clés: tourbiéres, cycle du carbone, matiére organique, dioxyde de carbone, méthane,
changement climatique.
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Relevance of carbon cycling in peatlands

Northern peatlands play an important role in the global carbon (C) cycle. Although they cover only
3% of the land area (Maltby and Immirzi 1993), they store about 30% of the global soil C, equivalent
to about 455 Pg (Gorham 1991; Dean and Gorham 1991). Northern peatlands developed within a few
thousand yearsfollowing the end of thelast glaciation (Harden et al . 1992). The accumulation of organic
matter is caused by anoxic conditionsin the waterlogged peat massesand by the stability of peat forming
plant litter (Glaser 1987). Northern peatlands mainly function aslong-term sinksfor atmospheric carbon
dioxide (CO,) and sources of atmospheric methane (CH4). As is seen from atmospheric records, the
development of peatlands has significantly lowered atmospheric CO, and raised CH4 concentrations
since the end of the last glaciation (Blunier et al. 1995; Fung et al. 1991).

Measured CO, and CH4 exchange rates between peatlands and the atmosphere strongly vary both
geographically and seasonally (Moore et al. 1998), necessitating an effort to understand the processes
that produce and consume trace gases in peatlands and the factors that control the exchange rates.

The principa controls on the C cycle are soil temperature, plant community structure, position of
redox boundaries associated with the water table, and the chemical composition of plant tissues and
peat (Bubier et a. 1993, 1995; Whiting and Chanton 1993; Yavitt et al. 1997). Empirical models that
incorporate these controls can explain much of the variation in seasonal CH,4 exchange rates and reflect
average differences in environmental and ecological variables within and between peatlands (Moore et
al. 1998).

On smaller spatiotemporal scalesand for CO, exchangein general, much less variation in exchange
rates can be explained by environmental and ecological variables (e.g., Bellisario et a. 1999; Moore et
a. 1994; Shannon and White 1994). Changes in the frequency and intensity of weather related events,
such as the local water table lowering during droughts, may be a consequence of climate change. The
conseguencesof these changesareat present not clear, but might besignificant. It hasbeen demonstrated,
for instance, that fluctuating water table levels can increase C mineralization rates by afactor of 1.5to
3 (Aertsand Ludwig 1997).

Such observations raise concern about the accuracy of trace gas exchange scenarios that are based
on average changes in environmental and ecological variables, rather than disturbances. Controls on
other processes in the C cycle, such as mineralization of organic C and release of dissolved organic
carbon (DOC), have aso not been substantiated in studies based on dynamic scenarios.

The coupling between carbon, nitrogen (N), and sulfur (S) cycling in peatlandsis also increasingly
drawing attention. Deposition experiments demonstrated that increased N deposition increased primary
productionratesin peatlands (Li and Vitt 1997; Rochefort et al. 1990), which might alter C sequestration
rates (Schindler and Bayley 1993). It has also been hypothesized that, in analogy to forest ecosystems,
N deposition might alter organic matter mineralization rates in peatlands. Increased sulfate deposition
rates have been conjectured to be the cause for relatively small CH4 production and large sulfate
reduction rates in oligotrophic peatlands in eastern North America and England (Nedwell and Watson
1995; Watson and Nedwell 1998). In incubation and field experiments sulfate addition often resultsin
decreased potential production and emission rates of CH,4 (Dise and Verry 2001; Watson and Nedwell
1998; Yavitt et al. 1987).

In 1991, Gorham wrote “ given the diversity of possible responses by boreal and subarctic peatlands
to climatic warming, it isimpossible at present to predict their future contributions to the global carbon
cycle”. This probably still holds true, but more recently much has been learned about the processes
involved in the C cycling in peatlands and al so about possible responsesto environmental changes. This
work provides areview of much of this progress.
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Peatlands

Peatlands are defined as any area with a waterlogged predominantly organic substrate of at least
3040 cm thickness (Glaser 1987). Peatlands have been classified based on several criteria, e.g., veg-
etation characteristics, geomorphology, hydrology, chemistry, stratigraphy, and peat characteristics,
or on combinations of these criteria. This has resulted in complex classification systems (Moore and
Bellamy 1974; Mitsch and Gosselink 1993). In North America four basic types, ombrotrophic bogs,
minerotrophic fens, intermediate or “poor” fens, and calcareous fens, are distinguished. These types
differ with respect to pH, base cation concentrations, dominating vegetation, and hydrol ogic dynamics
(Glaser 1987; Mullen et a. 2000; Vitt et a. 1995). Ponds and beaver ponds aso constitute important
peatland components (Belyea and Lancaster 2002; Hamilton et al. 1994; Roulet et al. 1997).

Peatlands are structured both horizontally and vertically. Vertical peat profiles consist of asaturated
zone, in which oxygen is depleted and organic matter is anaerobically decomposed (“catotelm”). On
top of the catotelm a surface layer (“acrotelm”) can be found (Clymo 1984). This layer is often oxic
but can seasonally be saturated and anoxic. The acrotelm consists of a productive layer, alitter layer,
and a collapse layer in which the macrostructure of the plants is lost (Warner 1996). Acrotelm and
catotelm store approximately 98.5% of the total C in peatlands (Gorham 1991). Carbon stored in
vegetation contributes on average only about 1.5% (~2000 g m~2) to the C pool, but this contribution
may vary substantially (350 to 6000 g m—2 (Grigal et al. 1985)). Horizontally, peatlands are structured
on different scales. “Microtopes’ are devel oped mainly within the vegetation layer and the acrotelm. A
typical example is the often observed hummocks and hollows, which represent elevated and indented
areas on the scale of asguare metre and display distinct vegetation associations (Rochefort et al. 1990;
Warner 1996). Individual, more or less homogeneous peatlands, such as bogs and fens, have been
defined as mesotopes. “ Peatland complexes’ or macrotopes encompass many individual peatlands and
can cover hundreds or even thousands of sgquare kilometres.

Net primary production

Rates of net primary production

Net primary production (NPP) has been estimated in all types of northern peatlands, by direct
biomass measurements or as part of net ecosystem exchange studies (Frolking et al. 1998). Often the
contribution of the different vegetation units was also quantified (Szumigalski and Bayley 1997). The
reported values for aboveground net production vary over more than two orders of magnitude, from
about 5gm=—2 a1 dry weight to more than 1000 g m—2 a1, covering average values for the full
range of global ecosystems (Méelillo et al. 1993). Values between 100 and 400 g m~2 alseem most
common (Fig. 1). The NPP of northern peatlands is therefore lower than that of most other ecosystems
relevant to the global C cycle, but it is of asimilar magnitude asthe NPP of boreal forests (Melillo et al.
1993). A problem with these values, which were determined by seasonal growth, arises from the fact
that generally only aboveground production was determined. The bel owground contribution of vascular
plants in peatlands is probably a very important component of the C cycle, accounting for about 30—
50% of the vascular plant production(Backeus 1990; Moore et al. 2002). Also, if graminoid plants are
abundant, accounting for the life history of the vegetation can become important for determining the
seasonal NPP due to high shoot mortalities throughout the vegetation period. Bernard and MacDonald
(1974) found for Carex lacustris, a sedge characteristic of shallow waters bordering swamps and lakes,
that NPP increased from 857 to 1580 g m~2 a~1when shoots dying during the vegetation period were
considered.

The variance in NPP within sites, within peatland types, and within climatic zonesistypically large
(Bartsch and Moore 1985; Klinger et a. 1994; Moore 1989a, 1989b; Szumigalski and Bailey 1997).
The NPP aso varies strongly on an annual basis (Moore 1989b; Rochefort et al. 1990), which might
provide an explanation for some of the variance found among studies. Although pestland types, such
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Fig. 1. Variability of rates of NPP (C) within and between northern peatlands covering peatlandsin the Hudson Bay
Lowlands (Klinger et al. 1994), western Canada (Szumigalski and Bayley 1997), and northern Quebec (Bartsch
and Moore 1985). Boxes represent the intra-site variability of NPP. The central crossbar represents the median; the
boxes, the 75th and 25th percentile; the upper and lower bars, the 90th percentile; the asterisks, extreme values of
the displayed data set.
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as bogs and fens, cannot be clearly separated with respect to NPP (Fig. 1), it seemsthat photosynthetic
activity in bogsis on average about 25 % lower than in fens (Frolking et al. 1998).

Controls on net primary production

The NPP in northern peatlands is mainly controlled by the level of photosynthetic radiation (PAR),
by the hydrologic regime, and by the availability of N and phosphorus. The NPP and mean water
table level are believed to be positively correlated, based on results from field studies (Forrest and
Smith 1975; Moore 1989b; Szumigalski and Bayley 1997). There is also experimental evidence for
such acorrelation. Lowering the water table levels from 7 to 37 cm significantly decreased the NPP of
Fohagnum sp. in greenhouse experiments (Williams et al. 1999). However, the response of NPP to the
water table position is not straightforward to predict because individual vegetation types, such as herbs
and shrubs, respond differently to this control. Long-term succession of the vegetation communities
may also offset short-term effects of changesin water tablelevels (Szumigal ski and Bayley 1997). Mean
annua temperature (MAT) might currently account for about 30 to 40% of variance across peatland
Fohagnum related NPP across the climatic zones (M oore 1989b). Mean monthly summer temperatures
are also positively correlated with the standing crop in sedge fens (Gorham 1974).
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In pristine oligotrophic peatlands, N is mostly retained by the vegetation and the belowground
turnover is dominated by organic forms of N (Hemond 1983; Urban and Eisenreich 1988). This is
probably also true for many more minerotrophic wetlands (Li and Vitt 1997; Rochefort et al. 1990;
Vitt et al. 1995). At low background deposition rates of N, the NPP of peatland forming mosses can
temporarily increase as a response to an increased experimental N deposition level (Li and Vitt 1997,
Rochefort et al. 1990). However, such a response does not always occur (Tamm 1954; van der Heijden
et al. 2000; Williams et al. 1999; Williams and Silcock 1997). Elevated N deposition levels can even
be detrimental to the primary production of Sphagnum when other factors limit the growth rate and
nutrient imbalances devel op (van der Heijden et al. 2000).

For other sites with larger background inputs of atmospheric N it was concluded that the NPP was
not limited by N availability (Hemond 1983) and that instead phosphorus was limiting the NPP (Tamm
1954; Williams et al. 1999; Williams and Silcock 1997). Nitrogen saturation, which is characterized
by the through-flow of mineral N, has recently been proposed to occur in peatlands that receive more
than about 18 kg N ha a1 (Lamers et a. 2000). Lamers and colleagues hypothesis was based on a
simple mass balance consideration of annual biomass synthesis, N deposition level, and C/N ratios of
40-50, which prevail in Sphagnum. This hypothesisis supported by experimental studies (Williams et
al. 1999).

Elevated levels of atmospheric CO, are also likely to affect the NPP of peatlands. Short-term,
physiologically oriented laboratory studies demonstrated a stimulation of Sphaghum mosses and shrubs
by elevated CO, concentrations (Paffen and Roelofs 1991; Silvola et a. 1993; van der Heijden et al.
2000), but responses vary among species and over time (Jauhiainen et a. 1993). The response of mosses
is also afunction of the nutrient status and will probably have ramifications for the quality of the plant
detritus (van der Heijden et al. 2000).

In conclusion, higher water table levels, temperatures, and N availability probably increase the
NPP in peatlands where N is in short supply. In cases where higher levels of N are supplied from the
groundwater or atmospheric deposition, phosphorus availability might become alimiting factor for the
NPP. The long-term effect of elevated CO, concentrations cannot be quantified yet, due to both the
occurrence of nutrient interactions and physiological responses and the lack of long-term ecosystem
manipulation studies.

Carbon mineralization

Carbon mineralization rates

Carbon dioxide production isthe result of the mineralization of soil organic C and plant respiration.
Both processes might occur at similar ratesin peatlands (Mooreet a. 1998), but thereis some uncertainty
in this hypothesis, since both processes are difficult to separate in situ.

In peatlands C mineralization proceeds slowly compared to most other ecosystems. In organic
matter decomposition studies, exponential decay constants (—0.05 to —1.2 a~1) are on average lower
than for plant residues and | abile organic matter in terrestrial soils(—0.1to —4.2 a1, Aiwaet al. 1998;
Jenkinson 1977; Trumbore 1993) and in coastal marine sediments (—0.5 to —8.8 a~1, Berner 1980,
Martensand Klump 1984). They are, on the other hand, larger than in deep seamarine sediments (— 102
to —10~% a~1) (Emerson et al. 1985; Heggie et a. 1987). In peatlands, litter bags filled with Carex,
Sohagnum, Betula, and other litter lost between 3 and 47% of mass per year, if the reported values are
recalculated for a 1-year period (Bartsch and Moore 1985; Clymo 1978; Johnson and Damman 1991;
Moore 1989a; Verhoeven and Toth 1995). On average the mass loss amounted to about 20% based on
a 1-year period. It has to be kept in mind, though, that the remaining mass decreases exponentially,
rather than linearly. This probably introduced some variability in these figures. Lower (about 5% per
year) and less variable values were obtained in two long-term studies of peat decomposition under
laboratory conditions (Hogg 1993; Updegraff et al. 1996). Nonvascular species such as Sphagnum sp.
decompose slower than vascular species (Bartsch and Moore 1985; Moore 1989b; Verhoeven and Toth
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1995). Decomposition rates have al so been reported to vary by afactor 2—-3 among different Sphagnum
species (Rochefort et al. 1990).

Controls on carbon mineralization rates

Carbon mineralization rates depend on the availability of oxygen associated with the depth of the
water table, the microbial activity in the peat, the soil temperature, the type of vegetation, and the
chemical characteristics of the peat (Johnson and Damman 1991; Moore and Dalva 1993; Updegraff
et al. 1996; Yavitt et al. 1997). Under normal peat temperature ranges, CO, production rates increase
by afactor of 2-3 for every 10°C temperature increase (Q1o) (McKenzie et al. 1998; Moore and Dalva
1993; Yavitt et al. 1997). Smaller and larger Q1o values have also been reported (Russell and VVoroney
1998; Scanlon 1998; Updegraff et a. 1996; von Hulzen et a. 1999). The Q1o values vary with depth
and among areas in peatlands (Scanlon 1998). It is at present not clear what controls the temperature
dependency of C mineralization rates.

The experimental response of CO, production ratesto changesin redox conditionsisvery variable.
In incubation and column studies, aerobic—anaerobic ratios of C mineralization may range from 1.2
to 6 (Aerts and Ludwig 1997; Moore and Knowles 1989; Moore and Dalva 1993; Oquist and Sundh
1998; Updegraff et al. 1996; Yavitt et al. 1997). By comparison of CO» production rates in incubations
with long-term in situ C accumulation rates it has also been inferred that rates increase up to a factor
200 when stable, previously anaerobic peat from lower depths is incubated in flasks under aerobic
conditions (Hogg 1993). Fluctuationsin redox conditions may a so have anet effect on CO, production
rates. In laboratory column studies periodic changesin aeration or water table increased cumulative C
mineralization rates by a factor of 1.5 to 3 (Aerts and Ludwig 1997). Similar results have also been
reported from long-term litterbag decomposition studies under field conditions (Belyea 1996). These
increased cumulative CO, production rates might be caused not only by larger aerobic CO, production
rates but by mineralization pulses after disturbance, as observed in drying—wetting experiments with
soils (Bottner 1985; Clein and Schimel 1994; Kieft et al. 1987). The increased CO, production after
disturbance may be caused by redox-induced chemical breakdown and enhanced recycling of biomass
(Aller 1994; Kieft et al. 1987). Activation of exo-enzymes after short-term exposureto O, can also have
a pronounced effect on C mineralization rates (Freeman et a. 1997).

Many other chemical controls on C mineralization rates have been documented. Nitrogen and
phosphorus concentrations in the litter of Sohagnum have the potential to influence C mineralization
rates (Bartsch and Moore 1985; Hogg et al. 1994). Carbon mineralization rates were often found to be
correlated to chemical parameters such as the contents of water soluble carbohydrates (Updegraff et
al. 1996), acid-soluble organic matter and carbohydrates (Updegraff et al. 1996; Yavitt et al. 1997), the
C/N and lignin/N ratios, or lignin contents (Best and Jacobs 1997; Bartsch and Moore 1985; Updegraff
et al. 1996). The predictive capacity of such parameters may be limited to individual peatlands. Across
the temperate and boreal zone of North America, the lignin/N ratio, which is used in many terrestrial
ecosystem models (e.g., Schimel et al. 1996), was not found to be a strong predictor of C mineralization
rates (Yavitt et al. 1997). There is also evidence that individual environmental and chemical controls
strongly interact with each other (Amaral and Knowles 1994; Updegraff et al. 1996).

Low C mineralization rates in peatlands and differences in C mineralization rates between litter of
different moss species may also be aresult of inhibitors of microbial activity. Homogenates of freshly
ground Sphagnum plants have been shown to slow down the decomposition of Sphagnum and Carex
litter (Verhoeven and Toth 1995). The authors specul ated that antibiotic properties of certain compounds
contained in Sohagnum might be responsible for this effect.

The study of decomposition rates has suggested that C mineralization ratesresult from the interplay
of plants and water table fluctuations. Carbon mineralization rates not only decrease with the age of
the peat (Hogg 1993) but they also differ between hummocks and hollows (Belyea 1996; Johnson et
al. 1990). These differences are partly caused by the species distribution within the microtopography
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(Johnson and Damman 1991). While the (potential) decomposability of the organic material decreases
with age and depth, actual decomposition rates seem to be largest closeto the water table (Belyea 1996).
Thisfinding has been attributed to optimum conditions of aeration, water, and nutrient availability. The
decomposition process itself also provides an important feedback on the maintenance of anaerobic
conditions, since the loss of the plant structure decreases the hydraulic conductivity. This initiates the
development of the catotelm and the existence of aperched water table (Johnson et al. 1990). A perched
water tableis, in turn, a prerequisite for low rates of anaerobic C mineralization.

Overall, higher temperatures, lower water tables, fluctuating water tables, minerotrophic conditions,
and the predominance of vascular, especially graminoid plants, seem to sustain larger C mineralization
rates. Although these control shave beenidentified, itisdifficult to establish well-constrained quantitative
rel ationships between these controls and C mineralization rates due to the outlined large variance in the
experimental response of CO, production rates to these controls.

A portion of thisvariance may be caused by differencesin the experimental conditions under which
rates were determined and by the history of the peat prior to experimentation. This can be concluded
by drawing the analogy to studies in which peat was exposed to changes as they often occur during
sampling or in incubations. Significant effects of redox conditions on CO» production rates occurred
when the changesin water table level swerelarge and when theincubation periods werelong (Bergmann
1998; Moore and Dalva 1993, 1997). Conversely C mineralization rates were not significantly affected
by small changes in water tables (Best and Jacobs 1997; Freeman et a. 1993, 1996) and when the
incubation periods were short (Yavitt et al. 1997).

However, there are also more fundamental problems. High-resolution measurements of C mineral-
ization rates have not been carried out under dynamic conditions and in undisturbed soils. In situ litter
decomposition studies have not provided the control and the time resol ution necessary for the quantifi-
cation of the effects of environmental variables. Littleis still known about the quantitative in situ effect
of temperature, water table level, and water potential fluctuations on C mineralization rates and on the
microbial communities involved in this process. The effects of amplitude, duration, and frequency of
such fluctuations have not been investigated. Studies that address these effects are needed to assess the
conseguences of climate change on this component of C cycling.

Methane dynamics

Methane exchange with the atmosphere

Methane fluxes between peatlands and the atmosphere may range from slight uptake to emissions
of more than 1000 mg m~2 d~1 (Klinger et al. 1994; Yavitt et al. 1990a). Fluxes are temporally and
spatialy highly variable (Fig. 2; Bubier et al. 1993; Moore et a. 1990, 1994, 1998; Roulet et al. 1997,
Yavitt et al. 1990b). Average emissions of 5to 80 mg m—2 d—1 are most common in northern peatlands.
Theflux distributions are skewed to larger val ues, but val ues over 100-200 mg m—2 d~tare unusual and
restricted to ponds (Hamilton et al. 1994; Roulet et al. 1997; Scott et al. 1999; Sugimoto and Fujita1997;
Waddington and Roulet 1996; Yavitt et al. 1990b). These areas contribute proportionally more to the
overall emissionsthan their relatively small surface area suggests. Beaver activity is hence an important
biological factor for CH4 emissions from northern peatlands (Naiman et a. 1990). Fens generaly are
stronger emitters than bogs because the anaerobic zone is on average closer to the peatland surface
(Moore et al. 1990). Within bogs significant emissions are restricted to lawns and hollows (Bubier et
al. 1993; Klinger et al. 1994; Waddington and Roulet 1996).

Controls on CH, production, consumption, and emissions

Environmental and chemical variables

M ethane production depends directly on the microbial activity in the peat and indirectly on the soil
temperature, the type of vegetation, the chemical characteristics of the peat, and on the position of redox
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Fig. 2. Variability of rates of methane emissions (C) within and between northern peatland regions (Moore et al.
1994; Bubier 1995; Bubier et a. 1993; Nykaenen et al. 1998; Liblik et al. 1997; data were recalcul ated for a 150 d
period). The central crossbar represents the median; the boxes, the 75th and 25th percentile; the upper and lower
bars, the 90th percentile; the asterisks, extreme values of the displayed data set.
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boundaries associated with the water table (Bubier et al. 1993, 1995; Whiting and Chanton 1993; Yavitt
et al. 1997). Strictly anaerobic conditions are obligatory for CH4 production, since methanogens are
obligate anaerobes (Fetzer et al. 1993). Methane production and emission might also be influenced by
the reduction of sulfate (Dise and Verry 2001; Nedwell and Watson 1995; Watson and Nedwell 1998;
Wieder et al. 1990) because sulfate reducers can successfully compete with methanogens for organic
substrates (Kristjanson et al. 1982; Lovley and Klug 1983). The sulfate availability in peatlands is
influenced by the atmospheric input and by the reoxidation of reduced inorganic and organic S, which
occurs during water table fluctuations (Bayley et a. 1986; Devito and Hill 1999; Mandernack et al.
2000).

Soil acidity controlled CH4 production in laboratory studies (Dunfield et al. 1993; Valentine et
al. 1994). Optimum pH values for methanogenesis were found to be about 6-7. A dependency of CH4
production rateson pH could not befoundinthefield (Mooreet al. 1994) possibly dueto an adaptation of
populationsto acidity (Updegraff et al. 1996). Additions of either easily fermentable substrates (glucose
and leaf leachate) or fermentation products (ethanol, formate, acetate, methanol, and Hy) to peat often
resulted in increased CH4 production rates, indicating substrate limitation of CH4 production (Amaral
and Knowles 1994; Bergmann 1998; Valentine et al. 1994). Acetate might be the major substrate for
methanogens in peatlands (Hornibrook et al. 1997). Under acidic conditions, high concentrations of
fermentation products, in particular acetic acid, can inhibit methanogenesis (Bergmann 1998; Yavitt et
al. 1987). The addition of micronutrients such as Ni, Fe, Co, and Na, can increase CH4 production rates
in oligotrophic peatlands (Basiliko and Yavitt 2001). Several organic matter characteristics, such asthe
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lignin/N ratio, were also found to correlate with potential CH,4 production rates (Updegraff et al. 1996;
Valentine et al. 1994; Yavitt et al. 1997).

Studies of the effects of water table levels and temperature on CH4 production in peat soils and
exchange with the atmosphere have focussed on the potential production rates in disturbed samples
(e.g., Kettunen et al. 1999; Oquist and Sundh 1998; Yavitt et al. 1987, 1990a, 1997) and on the net
exchange of trace gases from peat columns with the atmosphere (e.g., Aerts and Ludwig 1997; Moore
and Knowles 1989; Moore and Dalva 1993). These studies demonstrated that CH4 production and
emission exponentially decrease with lower water tables, and variance could generally be explained
fairly well.

The temperature dependency of CHy4 production (Q1p = 4.1) is on average steeper than of CO»
production (Q1o = 2—2.5) and shows alarge range of Q1o valuesfrom 1.1 to 28 (Segers 1998). Presently
this phenomenon is not fully explained. “Anomalous behavior” of methanogens and interactions be-
tween substrate and temperature effects have been conjectured (Segers 1998). Methanogens have a
narrow substrate spectrum, which makes them depend on fermentation processes (Conrad 1999), and
they are also inferior competitors when other electron acceptors are abundant (Achtnich et al. 1995).
Modeling of incubation scale data, which simulated the interaction of these components, has suggested
that the variable temperature response could be aresult of the competition of methanogenesis and elec-
tron accepting processes, the growth of methanogenic populations, and the provision of substrates by
fermentation (von Hulzen et al. 1999).

Methane emissions in the field are controlled by the topography, which influences the hydrologic
regime and the vegetation patterns within peatlands (Waddington and Roulet 1996). Net ecosystem
productivity and dominating plant species were found to correlate to CH4 emissions on the landscape
scale when water table levels are closer than about 20 cm to the peatland surface (Bubier 1995; Bubier
et a. 1995; Whiting and Chanton 1993). These relationships reflect that plant communities supply
substrates for CH,4 production, may alow for conduit transport of CH4, and indicate average water
table levels (Bubier 1995).

Empirical models that are based on water table levels, peat temperatures, and vegetation character-
istics can therefore explain much of the variation in seasonal CH,4 exchange rates and reflect average
differences in environmental and ecological variables within and between peatlands (Dise et a. 1993;
Moore et al. 1998). The regression slopes of such rel ationships between cumulated CH4 emissions and
seasonally averaged water tableslevelsarefairly similar (Bubier et al. 1993; 1995; Moosavi et a. 1996;
Moore et al. 1994; Nykaenen et al. 1998). These regression slopes indicate that lowering water table
level by 1 cm lowers the logarithm of seasonal CH4 emission by about 2-5%.

Interactions among controlling variables

The rel ationship among methane emissions, dominating plant types, and water tablesis scal e depen-
dent. Statistical models are regionally valid (Bubier et al. 1995), but they are weak when the available
dataare lumped together (Moore et al. 1998). M ethane emissions a so vary among regionsin the north-
ern hemisphere and tend to increase with latitude (Fig. 2), although primary production, which is one
of the landscape level controls on CH4 emissions (Whiting and Chanton 1993), tends to decrease with
latitude (Moore 1989b). Other variables such as average water table level s and peat temperature cannot
explain regiona differencesin CH4 emissions (Moore et al. 1998).

Also on smaller spatial and temporal scales, little of the variation in CH4 exchange rates can be
explained by water tablelevels, peat temperature, and other variables (Kettunen et al. 1996; Bellisario et
al. 1999; Mooreet al. 1994; Shannon and White 1994). Thisis probably aconsequence of theinteraction
among production, consumption, storage, and transport of gases in the peat. On time-scales of weeks
to months, equilibrium among these processes might not be reached when environmental controlsvary.
It can therefore be hypothesized that biogeochemical process rates in the peat are to a varying degree
decoupled from fluxes to the atmosphere. Thiswould explain why fluxes measured in field studieswere
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decoupled from controls on CH4 production (Kettunen et a. 1996; Bellisario et al. 1999; Moore et a.
1994; Shannon and White 1994). It also explainsthat better correl ation between environmental variables
and CH4 exchange rates have been obtained by cumulating exchange rates of CH, (e.g., Moore €t al.
1998), which eliminates time lags in process rates, storage, and transport effects.

Indeed thereissupport for such aninterpretation. Oquist and Sundh (1998) and Kettunen et al. (1999)
demonstrated that the onset of methanogenesis in surface layers of peat soils is not inhibited by oxic
periods, but that time lags occur. In bacterial suspensions, oxygen does not impair the viability of cells
and 0.5 to 10% of the active biomass might even survive desiccation, but it reduces potential production
rates (Fetzer et al. 1993). Mayer and Conrad (1990) also noted that the initiation of CH4 production
in paddy soils is retarded when soil is stored under aerated but moist conditions. These observations
suggest that CH4 production ratesin zonesthat are exposed to water table fluctuations show a“ memory”
for previous conditions, which would cause variable CH4 production rates at a particular location after
the onset of anaerobic conditions. Moreover, the buildup of dissolved CHg4 in the peat might require
relatively long time periods (Kettunen et al. 1996).

Methanotrophic bacteria in agrobic soil reoxidize methane to CO, (Edwards et al. 1998). Since
methanotrophic bacteria are dependent on both oxygen and CH,4 as substrates, reoxidation of methane
ismostly located within about 25 cm around the oxi c—anoxicinterface (Segers 1998). M ethane oxidation
activity is probably not affected by the delayed response to changes in oxygen availability described
above. In several studies large aerobic CH4 oxidation potentials were found in previously anaerobic
peat (Moore et al. 1994; Yavitt et al. 1990a), probably resulting from the capacity of methanotrophsto
survive anaerobiosis (Edwards et al. 1998). With respect to climate change, temperature effects on CHy
consumption (Q10 = 1.9) are on average smaller than on methane production (Q10 = 4.1; Segers 1998).
Increasing mean annual temperatures could therefore cause increasing CH4 emissions, assuming other
controls remain unchanged (Moore et al. 1998).

Since CHg is oxidized once it reaches aerobic soil layers, CH4 emission rates critically depend on
rates of transportation. Transportation rates greatly increase when water tables decrease, since diffusion
rates in the pore gas space are much larger than in pore water (Lerman 1979). Through the degassing
of stored CHg,, decreasing water table levels can thus result in temporarily increasing CH4 emissions
(Kettunen et al. 1996; Moore et a. 1990; Shannon and White 1994). Large rates of CH4 emissions also
occur if plant root conduit and ebullition (bubbling) prevail (Fechner-Levy and Hemond 1996; Shannon
and White 1994; Schimel 1995). Up to 90% of CH4 emissions may be viaroot transport where sedges
arethe dominating plants (Schimel 1995). The resulting fast transportation vel ocities greatly reduce the
residence time of CHy, in the aerated zone of peat soils and reduce the fraction of the produced CH,4
that is oxidized. It has consequently been demonstrated that the onset of significant CH,4 emissionsis
bound to the development of annual plant rootsin the spring (Shannon and White 1994; Shannon et al.
1996). Methane transported by advection and diffusion moves more slowly and is proneto reoxidation,
causing emission rates to be low.

Roots can, however, also mediate the transportation of oxygen into the anaerobic zone. Thisoxygen
locally reoxidizes CH4 in the rhizosphere (Dannenberg and Conrad 1999). The relative importance of
either process is probably a function of root density and plant type. Large root densities may cause
increased CH,4 oxidation rates (Arah and Stephen 1998).

Modeling of CH4 emissionsfrom various peatlands has suggested that simpl e rel ationships between
environmental variables and CH,4 emissionswill generally not exist on the time-scale at which environ-
mental variablestypically vary (Walter and Heimann 2000). Walter and Heimann’s model explains how
emissions result from the interaction of production, transportation, and oxidation. However, so far it is
not possible to predict CH,4 emissions without site-specific tuning because biogeochemical processes
and characteristics affecting CH4 production have not been included in this and other models.
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Biogeochemical suppression of methane production

Biogeochemical processes and especially the availability of inorganic el ectron acceptors might have
important consequences for C cycling in wetlands (Roden and Wetzel 1996; Wieder et al. 1990). It has
been suggested, based on field studies and laboratory assays, that CH4 production and emissions in
peatlands can be suppressed under high atmospheric deposition levels of sulfate (Nedwell and Watson
1995; Watson and Nedwell 1998). This is supported by Dise and Verry's (2001) finding that sulfate
addition decreased CH,4 emission rates from a peatland when exchange data were cumulated over time.

Usually, it isassumed that such an effect results from methanogenic and sulfidogenic activity being
competitive (e.g., Nedwell and Watson 1995). Sulfate reduction will then predominate, due to thermo-
dynamic and kinetic reasons, when sulfateis sufficiently available (Achtnich et al. 1995; Kristjanson et
al. 1982). Similarly, reduction of ferric iron oxides may decrease both sulfate reduction and methano-
genesis in southern and agricultural wetlands (Achtnich et al. 1995; Roden and Wetzel 1996). Studies
that report on iron reduction rates in northern peatlands are not available to date.

A general problem with the “competitive suppression hypothesis’ is that in oligotrophic peatlands
sulfate pools are small even under severely S-polluted conditions. 3>S-radiotracer assays of sulfate
reduction suggested that sulfate pools are being turned over within days (Nedwell and Watson 1995;
Wieder et al. 1990). If SO42~ isnot recycled in the peat, potential sulfate reduction rateswould equal the
atmospheric deposition, which is 10-150 mmol Sm—2 a~1 (Lindfors et al. 1992; Sisterson et al. 1994).
Thisis asmall quantity compared to average potential CH4 production rates (1365 + 1733 (mean +
SD) mmol C m~2 a~1) and compared to in situ average emissions from peatlands (762 + 1157 mmol
cm2al)(Fig. 2).

Except for water table fluctuations that occur primarily during the summer (Bayley et al. 1986;
Devito and Hill 1999) no effective recycling mechanism for sulfate has been empirically demonstrated
in peatlands. The only other documented potential mechanism would involve recycling with oxygen
in the rhizosphere of graminoid plants (Wind and Conrad 1997), which could be effective in fens and
oceanic and blanket bogs, which also have a considerable cover of graminoids (Forrest and Smith
1975). However, it is probably irrelevant in continental bogs because of the absence of large numbers of
graminoid plants. Thereis, however, mounting evidence from 3*S and isotopic studies (Mandernack et
al. 2000) and from the above rate measurements that such arecycling must occur. With respect to CHy4
production rates, the processes involved in recycling might be more important than different levels of
sulfate deposition.

The reduction of CH4 production despite low sulfate concentrations could be explained by the
presence of organic electron acceptors. It has been demonstrated that quinones, which are contained in
humic substances and which have been extracted from peats (Coates et al. 1998), oxidize both H>S and
acetate (Curtis and Reinhard 1994; Dunnivant et a. 1992; Lovley et al. 1996; Scott et al. 1998). The
guinones are in the process transformed into radical semiquinones and into hydroquinones, which can
be analytically identified (Scott et al. 1998). The processitself is microbially mediated through bacteria
of the genus Geobacter, which has been isolated both from marine sediments and from freshwater
wetlands (Coates et al. 1998; Lovley et a. 1996). If significant, thisnovel pathway of C mineralization
would haveimportant consequencesfor our understanding of C cyclingin peatlands. It would imply that
humification and DOC production directly contribute to C mineralization rates. It would also explain
the recurring contradiction of large sulfate reduction rates despite very small sulfate pools, and it could
explain the generally low contribution of CH4 production to anaerobic C mineralization.

Dissolved organic carbon

Microorganisms can take up only small dissolved organic moleculeswith molecular weights below
about 600 g mol~1 (Fenchel et al. 1998). Anaerobic respiration further relies on a relatively small
consortium of simple molecules (Fenchel et al. 1998). Carbon mineralization and CH,4 production
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processes consequently depend on the production of DOC. The DOC is aso important with respect to
exchange processes with adjacent ecosystems and it is further of importance for the mobilization of
metal s such as aluminum (Helmer et al. 1990) and iron (Chin et al. 1998; Moore 1988). Export of DOC
influencesthe acidity (Gorham et al. 1986; Urban et al. 1989), the metal dynamics (Driscoll et al. 1988),
and the primary production of surface waters in northern regions (Effler et al. 1985).

Dissolved organic carbon concentrations between 20 and 60 mg L~ have been reported for most
northern peatlands. The DOC fluxes from the atmosphere (0.8-2.8 gm—2 a; Dalvaand Moore 1991;
Koprivnjak and Moore 1992; McKnight et al. 1985; Urban et a. 1989) and from adjacent upland
soils (0.3-4.8 g m—2 a1; Rivers et al. 1998; Urban et al. 1989) into peatlands are usually small.
Peatlands export DOC to discharging streams at rates between 1 and 50 g m—2 a~* (Dillon and Molot
1997; Koprivnjak and Moore 1992; Moore 1987, 1988; Urban et al. 1989). Within peatland complexes
beaverponds may be sinks for DOC at ranges of —4 to —18 gm~2 a1 (Devito et al. 1989). Overall, the
rate of DOC export is small compared to both NPP and soil respiration fluxes in northern peatlands, as
has been noted before (Gorham 1995).

The controlson DOC production and export in peatlands are poorly understood, but temperature and
runoff seem to be important factors. Increases in DOC concentrations were observed during summers
(Dalvaand Moore 1991; Moore 1989a; Waddington and Roulet 1997). Higher temperatures, therefore,
seemto accelerate DOC production compared to DOC consumption and may be dueto increased micro-
bial and plant mediated DOC release (Moore and Dalva2001). Concentration effects due to evaporation
might also play arole in this phenomenon. The DOC release is probably also physicochemically con-
trolled, since DOC export from apeatland was found to correlate with runoff (n = 23, r2 = 0.80; Urban et
a. 1989). Contact of peat with water poor in DOC also releases DOC from the peat matrix (Moore and
Dalva 2001). The movement of DOC within peatlandsis hydrologically induced and can be substantial
(Siegdl et a. 1995; Waddington and Roulet 1997). As a consequence, “young” and labile dissolved
organic matter from the acrotelm can enter larger depths and sustain fast rates of C mineralization
(Chanton et al. 1995).

In comparison to soils and sediments, not much work has been done with respect to the chemical
properties of DOC and to the determination of intermediates in the microbial decomposition process.
Only a few molecular weight distribution measurements (Chin et al. 1998; Moore 1988), acid-base
and structural properties (Hruska et al. 1996; McKnight et al. 1985; Urban et al. 1989), and seasonal
measurements of acetate and fatty acids have been reported (Amaral and Knowles 1994; Shannon and
White 1996).

This is probably one reason why DOC dynamics in pegatlands are at present poorly understood.
Dissolved organic carbon represents several groups of compounds, including cell residues, fermenta-
tion products, and humic and fulvic substances, which derive from different sources and differ in their
bioavailability and ecological function. The concentration of fermentation products as acetate, for ex-
ample, can be highly variable seasonally and is tightly coupled to the activity of fermentative bacteria,
sulfate reducers, and methanogens (Amaral and Knowles 1994; Avery et a. 1999; Shannon and White
1996). Acetate concentrations in peatlands can at times exceed 1 mmol L=1 or 60 mg L—1, whereas at
other times acetate is nearly absent in pore waters (Shannon and White 1996; Blodau et al. 2002). This
isprobably not the case for humic and fulvic substances, which represent complex and relatively stable
macromolecules (McKnight et al. 1985). Thus the parameter “DOC” summarizes diverse compounds
that differ in their dynamics. To understand the role of DOC in the C cycle of peatlands these functional
differences have to be taken into account.

The carbon balance of peatlands

Northern peatlands have sequestered atmospheric C at rates between 0.03 and 0.29 g m—2 d—1
(Botch et al. 1995). The average rate has been about 0.15-0.19 g m—2 d~1 (Dean and Gorham 1991;
Gorham 1991). This value is very small compared to the turnover of C within the vegetation and the
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Fig. 3. Summary of previously discussed rates of NEE (C) (Table 1), long-term carbon balance (Botch et al.
1995), NPP, methane fluxes, and DOC export (g m~2 d=%). Summer NEE, NPP, and methane fluxes from the
discussed sources were recalculated for a vegetation period of 150 d, if not otherwise reported, the other fluxes
were recalculated for a 365 d period. The central crossbar represents the median; the boxes, the 75th and 25th
percentile; the upper and lower bars, the 90th percentile; the asterisks, extreme values of the displayed data set.
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soils(Fig. 3). The C balance of peatlandsisnot surprisingly quite variable on short time-scales (Table 1).
Seasonal net ecosystem exchange (NEE) measurements indicate that at present peatlands can be both
sources and sinks of CO; to the atmosphere and that differencesin seasonal NEE are large compared to
long-term C accumul ation rates (Dean and Gorham 1991; Gorham 1991; Klinger et al. 1994; Schraeder
et al. 1994; Shurpali et al. 1994).

The C balance of peatlands is primarily the result of C mineralization and net primary production
rates. As previously shown, other termsin the balance are quantitatively subordinate. In the short term,
the C balance is thus controlled by the effect of environmental variables on C mineralization and NPP.
Based onthereviewed studies, it seemsprobabl ethat higher water tablelevels, temperatures, PAR levels,
and N availability increase the NPP in most peatlands. A larger productivity can also be expected when
vascular plants increase in relative abundance compared to mosses. The response of C mineralization
rates to the same changesis less certain. Higher temperatures and an increasing abundance of vascular
plants will probably increase rates. Fluctuating water tables might also increase C mineralization rates
(Aerts and Ludwig 1997). However, if water tables increase and remain stable, C mineralization rates
will probably decrease.

Net ecosystem exchange studies have indicated that CO» isreleased in winter, early in spring, and
late in fall when the vegetation is inactive but soil respiration continues, and taken up in summer when
photosynthesis is strong (Alm et a. 1999; Carroll and Crill 1997; Frolking et al. 1998; Roehm and
Roulet 2002). Winter rel ease of CO, can be between 10 and 30% of the total annual CO, emissionsand,
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Table 1. Selected NEE as reported in the literature. Seasonal rates were converted to daily rates, based on a150 d
period if no other information was provided. Reported temperature (A temp.) and precipitation (A prec.) deviation
from the seasonal average are also shown.

Atemp. A prec.

Type Rate (gm~2d~!) Technique (°C) (%) Source

Tundrawet —0.27+£0.25 Chamber (> 0) Oechel et al. 1993
Tundradry —20+144 Chamber (> 0) Oechel et al. 1993

Fen -11 Gradient  +2.0 —55 Schraeder et al. 1994

Fen —0.90 Eddy +1.5 -37 Schraeder et a. 1994

Fen +2.7 Eddy +0.5 +20 Schraeder et al. 1994

Fen +0.03 Chamber Whiting 1994

Fen —0.51 Chamber Klinger et al. 1994

Fen +0.15 Chamber Klinger et al. 1994

Fen —0.13+0.10 Chamber Whiting 1994

Fen -0.8 Chamber  +1.1 89 Carroll and Crill 1997
Mixture +0.08 Eddy Riverset a. 1998

Bog +0.08 Chamber Waddington and Roulet 1996
Bog —0.48 Eddy +1.3 -19 Shurpali et al. 1994

Bog +0.22 Eddy -0.2 +16 Shurpali et al. 1994

Bog +1.7 (duly) Eddy Neumann et al. 1994

Bog —0.058+0.15 Chamber Whiting 1994

Bog -0.23 Chamber Klinger et al. 1994

Pond -115 Stag. film Hamilton et al. 1994

Pond -10.3 Stag. film Hamilton et al. 1994

Pond -35 Stag. film Hamilton et al. 1994

All +0.19 Deposits Gorham 1991; Dean and Gorham 1991
All +0.15 Deposits Gorham 1991; Dean and Gorham 1991

therefore, constitutes an important contribution to the carbon balance of peatlands (Alm et a. 1999).
Based on some observations (Table 1) it has been suggested that hot and dry summer weather shifts
the balance and C is released from peatlands, since respiration is probably enhanced by water table
drawdowns and higher temperatures, while vegetation suffers from heat stress and water deficiency
(Carroll and Crill 1997; Schraeder et al. 1994).

The first continuous multi-year C balance of a northern bog does not provide evidence for these
suggestions because C budgets were nearly identical among years despite very different weather con-
ditions (Roulet 2001)2. Interannual differences in the onset of snow melt and in the weather early in
the vegetation period have also been suggested as factors influencing the C balance (Griffis et al. 2000).
Other factors, such as the effects of fire and permafrost degradation on the C balance of peatlands, are
only beginning to be investigated (Robinson and Maoore 2000; Wieder 2001) but are likely to be very
important as global warming progresses (Gorham 1995).

Conclusion and research directions

Several studies have addressed how the C cycle and the C balance of peatlands will react to incre-
mentally changing environmental conditions (Moore et al. 1998; Roulet et al. 1992; Waddington et al.
1998), but their predictions are uncertain. This uncertainty is on the one hand aresult of the complexity
of the processes that are involved in the C cycle and on the other hand a result of deficiencies in our

2Roulet, N.T. 2001. Personal communication.
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understanding of the processesthemselves. A better quantitative understanding of C cycling in peatlands
is hampered by methodological difficulties, which are a pervasive phenomenon in biogeochemistry and
environmental microbiology (Madsen 1998).

Field-scale studies of undisturbed peatlands do not alow for a clear identification of the processes
and controls that underlie observed net processes on the ecosystem scale. There are narrow limits to
the statistical prediction of interacting processes by simple relationships, as has been demonstrated for
CH, production (von Hulzen et a. 1999) and methane emissions (Walter and Heimann 2000). These
limits are aresult of the dynamic interplay among processes, storage and transport, and the controlling
environmental factors. The second problem associated with this type of studiesis that environmental
variables are usually not controlled and varied. Because of co-varying and interacting environmental
factors it will remain very difficult to establish causal relationships between processes and potential
controls.

Controlsthat have been derived from incubation-scal e experiments with soils and sediments cannot
easily berelated back to the field scale, since critical components such as vegetation are excluded from
the experiment and since it is usually not known when the chosen experimental conditions prevail in
situ. Littleisalso known about the effects of laboratory techniques on the determined rates and controls,
since biogeochemical processesin intact soils have rarely been reported.

Uncertainty also arises from the impact of environmental change occurring on time scales of years
to decades. Such impacts are experimentally difficult to investigate. This appliesto deposition effects of
N and Son C cycling in peatlands. In deposition experimentsit has, for example, been demonstrated that
the response of NPP changes considerably over aperiod of 4 years (Rochefort et al. 1990). Phenomena
such as the reduction of CH4 production by sulfate reduction might be the result of decades of S and
N pollution. The incremental invasion of vascular plants in areas that have been previously devoid of
them, asiscurrently occurring in the subarctic of Northwestern Canada (Sturm et a. 2001), and changes
in fire frequency and deterioration of permafrost can also alter C cycling of peatlandsin the long term
(Robinson and Moore 2000; Wieder 2001).

The primary interest in the C cycling of peatlands is due to their important role in the global C
cycle and the large variations in CO, and CH4 exchange rates between peatlands and the atmosphere.
This variability indicates that the peatland C cycle is susceptible to environmental change (Moore et
al. 1998). To make progress towards quantitative predictions of CO, and CH4 exchange rates, and to
mitigate some of the above outlined scientific obstacles, severa types of studies seem promising.

(i) Quantification of controls. Previously identified controls on individual processes need to be sub-
stantiated under more realistic conditions. Mesocosm studies that include al components of the
C cycle, including the vegetation, provide an experimental regime that is useful for such studies
and alows for the study of interacting processes. M esocosms can be manipulated and controlled
with respect to temperature, water table levels, light levels, and chemical inputs. From the com-
bination of exchange rate, pore gas and water measurements, and internal mass balances, pool
sizes, turnover rates, and response times of processes can be determined and related to changes
in environmental variables (Blodau and Moore 2002; Beckmann and LIoyd 2001).

(ii) Connecting processes, controls, and exchang&he processes that drive exchange rates have to
be related to exchange rates on the time scale at which significant changes occur. Such studies
must accomplish the simultaneous determination of environmental variables, in situ processrates,
and CO» and CH4 exchange rates with the atmosphere. Mechanistically oriented studies, such as
those of Shannon and White (1994), Shannon et a. (1996), and Walter et a. (1996), in whichin
situ CH4 exchange rates were rel ated to pool sizes of acetate, sulfate, and methane, the phenology
of vascular plants, and environmental variables such as temperature and water table levels have
greatly enhanced the understanding of methane dynamics. This approach should be expanded
towards both the study of C mineralization and root respiration and also the determination of
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subsurface process rates, rather than pool sizes. Based on this approach it could be possible to
substantiate causal and quantitative relationships between driving environmental variables and
exchange rates and to cometo a better understanding of the sources of variance in exchange rates.

(iii) Ecosystem manipulation experiments.L ong-term ecosystem manipul ation experimentshavepro-
duced insight into the effects of eutrophication, acidification, and land use change on forest
ecosystems and northern lakes (Likens and Bormann 1995; Schindler et al. 1985) and are cur-
rently shedding new insight on the response of forest ecosystems to elevated atmospheric CO,
concentrations (Orem et al. 2001; Schlesinger and Lichter 2001). Smaller manipulation exper-
iments have provided much useful information about the effects of water table levels (Dise et
al. 1993), N and S deposition (Dise and Verry 2001; Li and Vitt 1997; Rochefort et a. 1990),
and temperature (Granberg 1998) on peatlands. Realistic long-term climate change manipulation
studies do not seem to have been undertaken in the investigation of C cycling in peatlands, but
would be necessary to quantify the long-term effects of environmental variables such as elevated
COy, temperature, N deposition, and water table levels. Studies that address disturbances such
as fire and permafrost melting, fluctuations in water table levels, and in the length of vegetation
periods will also be necessary to extrapolate results from controlled experiments.

(iv) Modeling. Recently, mathematical modeling has arguably made the largest contribution to the
understanding of CH4 cycling in peatlands. These studies shed new insight into the effects of
roots (Arah and Stephen 1998), terminal el ectron acceptors (Segers and Kengen 1998), responses
to environmental controls(von Hulzen et al. 1999), the significance of processesat different scales
(Segers 1999), and the interaction of processes and controls at the ecosystem level (Granberg et
al. 1997; Walter and Heimann 2000). The next step must be the incorporation of factors that
influence rates of C mineralization and the fraction of C mineralization used in the production of
CHa. Possible factors are peat age (Hogg et a. 1993), substrate characteristics (Vaentine et al.
1994), micro-nutrient availability (Basiliko and Yavitt 2001), time lagsin the microbial response
(Kettunen et al. 1999), the utilization of electron acceptors (Segers and Kengen 1998), the effect
of enzyme activity (Freeman et a. 1996), and in situ concentration effects that might slow down
or increase CO, and CH4 production rates (Blodau 2002).3

At the biogeochemical process level, no mechanistic models have been published that are linked
to other processes within the C cycle and with respect to the C cycle as awhole. A pertinent problem
of complex environmental models is parameter uncertainty and over-parameterization (e.g., Sogn et
al. 1995). The utility of future modeling projects will therefore also depend on whether empirical data
about processrates are availabl e, so that not only model results but also quantities, which are calculated
within the models, can be compared to real world data (Walter and Heimann 2000).

Much of thisresearch cannot be accomplished by individual s and disciplinary research. The success
of studiesthat push our scientific understanding of C cycling in peatlands beyond what we a ready know
will, therefore, critically depend on interdisciplinary collaboration among ecol ogists, pal acoecol ogists,
hydrologists, biogeochemists, and modelers.
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