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Abstract. Peatlands cover only 3% of the Earth’s land sur-
face but boreal and subarctic peatlands store about 15-30%
of the world’s soil carbon (C) as peat. Despite their potential
for large positive feedbacks to the climate system through se-
questration and emission of greenhouse gases, peatlands are
not explicitly included in global climate models and there-
fore in predictions of future climate change. In April 2007
a symposium was held in Wageningen, the Netherlands, to
advance our understanding of peatland C cycling. This paper
synthesizes the main finding of the symposium, focusing on
(i) small-scale processes, (ii) C flu es at the landscape scale,
and (iii) peatlands in the context of climate change.

The main drivers controlling C flu es are largely scale de-
pendent and most are related to some aspects of hydrology.
Despite high spatial and annual variability in Net Ecosys-
tem Exchange (NEE), the differences in cumulative annual
NEE are more a function of broad scale geographic location
and physical setting than internal factors, suggesting the ex-
istence of strong feedbacks. In contrast, trace gas emissions
seem mainly controlled by local factors.

Key uncertainties remain concerning the existence of per-
turbation thresholds, the relative strengths of the CO, and
CHy feedback, the links among peatland surface climate, hy-
drology, ecosystem structure and function, and trace gas bio-
geochemistry as well as the similarity of process rates across
peatland types and climatic zones. Progress on these research
areas can only be realized by stronger co-operation between
disciplines that address different spatial and temporal scales.

Correspondence tak. Limpens
BY (juul.Limpens@wur.nl)

1 Introduction

Peatlands are wetlands with an organic soil layer of at least
30 cm, which may extend to 15-20 m depth with an estimated
mean between 1.3-2.3 m for northern peatlands (Clymo et
al., 1998; Turunen et al., 2002). Peatlands cover about 4.16
x10° km? worldwide, with 80% of the peatland area situ-
ated in temperate-cold climates in the northern hemisphere,
particularly in Russia, Canada and the USA. The remain-
ing peatlands are found in tropical-subtropical climates, par-
ticularly in south-east Asia (Joosten, 2004, Global Peatland
Database).

Despite covering less than 3% of the Earth’s land sur-
face, boreal and subarctic peatlands store between 270 and
370 PgC (1 Pg=10' g) as peat (Turunen et al., 2002), which
would amount to 34—46% of the 796 Pg C currently held in
the atmosphere as CO, (IPCC 2007). Tropical peatland C
stores are estimated to be around 52 PgC, with very large
uncertainties (8-258 Pg C, Hooijer et al., 2006). These mas-
sive deposits are the legacy of peatlands acting as sinks of
atmospheric carbon dioxide (CO;) for millennia; but they
also illustrate the potential for large CO; and methane (CHy)
flu es to the atmosphere or dissolved carbon (DC) to rivers if
peatland C stores were to be destabilized by global warming
and changes in land use. Up to now, peatlands have con-
tributed to global cooling on the millennium scale (Frolk-
ing and Roulet, 2007) and, undisturbed peatlands are likely
to continue functioning as net C sinks despite the large in-
terannual variability of individual peatlands (Moore et al.,
1998). Whether peatlands will continue their function as net
C sinks in the long term remains uncertain, and depends on
the impact of environmental and anthropogenic forcing on

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

1476

the C balance of these ecosystems (Moore, 2002; Page et al.,
2002). Despite their proven role in past and present global
cooling and their potential for large positive feedbacks to the
climate system through sequestration and emission of green-
house gases, peatlands are not explicitly included in global
climate models and therefore in predictions of future climate
change (IPCC, 2007).

In April 2007 a symposium was held in Wageningen, the
Netherlands (Wieder et al., 2007), to advance our under-
standing of peatland C cycling through integration across
disciplines and research approaches, and to develop a more
synthetic picture of the present and future role of peatlands
in the global C cycle and their interactions with the climate
system. This paper aims to synthesize the main finding of
the symposium.

With a process based approach we hope to contribute to the
integration of research results across peatland types and cli-
matic zones, improving future predictions of the response of
the peatland C balance to environmental and climate change.
This paper presents a new synthesis on (i) small-scale pro-
cesses, (ii) C flu es at the landscape scale, and (iii) peatlands
in the context of climate change. The paper concludes with
directions for new research to reduce key uncertainties in our
knowledge in order to facilitate the explicit inclusion of these
ecosystems in a new generation of earth system models.

1.1  Generalisations accross peatland types

The necessity of focusing on processes becomes clear when
we consider the large variation in peatland types. Peatlands
comprise many different ecosystems (Rydin and Jeglum,
2006) with and without a tree and/or moss layer. Fortunately,
there are some unifying concepts that apply across different
peatland types although Sphagnum-dominated peatlands are
the most studied compared to other peatland types. The re-
dox potential is decisive for many biogeochemical processes
in the peat, and this is largely governed by the position of
the water table. The upper peat layer (about 5-40 cm) is un-
saturated with water and oxic during the growing season and
supports most biological activity, whereas the layer below is
waterlogged and anoxic. The oxic-anoxic boundary shifts
as a result of water table fluctuations Another key distinc-
tion is made on the dominant water source influencin the
organic soil layer. Peatlands that receive most of their water
from precipitation are referred to as ombrotrophic peatlands
or bogs, whereas peatlands that are mainly fed by water that
has been into contact with the mineral soil are referred to as
minerotrophic peatlands or fens.

2 Small scale processes and plant-soil feedbacks
Understanding the mechanisms controlling aerobic and

anaerobic respiration at small spatial scales is particularly
important for improving our predictions of potential effects
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of climate changes and perturbations on peatland C flux An
example of a key process is nitrogen (N) fertilization due to
anthropogenic-driven N deposition. Feedbacks between veg-
etation, soil physical processes and aerobic and anaerobic
respiration will further help understanding the high spatial
and temporal variability of peatland C flu es to waterways
and the atmosphere, in particular the production and oxida-
tion of CHy (Sects. 3 and 4) and generation and export of
dissolved organic carbon (DOC, Sects. 3 and 4).

2.1 Biogeochemistry

The decomposition of complex organic matter to fina prod-
ucts, i.e. CO,, CH4 and DOC, is the result of a close interac-
tion of microorganism activity, physically controlled trans-
port processes of electron acceptors and nutrients, and the
quality of the organic matter itself. I addition, the decompo-
sition process is regulated by the availability and efficien y
of extracellular enzymes, which break down complex bio-
molecules into monomers that can be utilized by microor-
ganisms. Changes in the environment can either directly af-
fect microbial activity by acting on the availability of nu-
trients and electron acceptors or indirectly through changes
in vegetation or soil physical structure. Direct impacts are,
for example, caused by the deposition of N and sulphur (S),
or oxygenation after water table draw-down during summer
drought. Indirect impacts comprise the change towards plant
species with more decomposable litter or more root exudates
(see Sect. 2.2).

2.1.1 Biogeochemical processes and drivers
Below-ground C cycling, irrespective of peatland type, can
be conceptualized in terms of electron transfer processes
(Fig. 1a). Primary production provides reduced compounds
that are buried as litter or released below-ground by vascular
roots, creating a redox gradient to the atmosphere. This gra-
dient results in O, transfer by gas diffusion, advection and
aerenchymatic transport in roots and also influence below-
ground oxygen (O2) consumption itself (Shannon and White,
1994; Chanton and Whiting, 1996). Oxidative capacity can
further be stored in the form of nitrate, ferric iron hydroxides,
sulfate (SO4), and humic substances that can be used as al-
ternatives for Oy in heterotrophic respiration. Which oxidant
is used by the resident microbial community is broadly regu-
lated by differences in the Gibbs free energy of the respective
respiration processes (Fig. 1d) and the concentrations of elec-
tron acceptors and donors (Achtnich et al., 1995; Keller and
Bridgham, 2007).

In peatlands, electron transfer processes proceed in a
strongly vertically structured environment, which is illus-
trated in Fig. 1b. From the peat surface downwards four
main characteristics change: (1) the relative importance of
root respiration versus heterotrophic respiration decreases
with depth. Fine roots of shrubs, for example, are largely
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Fig. 1. Schematic of (A) small-scale biogeochemical processes, (B)

distribution of controls involved in belowground carbon cycling in

peatlands, (C) recharging of electron acceptors, redox potential declines from left to right, (D) the regulation and impact of exo-enzymatic
activity on decomposition. Abbreviations not explained in text: ER = Ecosystem Respiration, GEP = Gross Ecosystem Production, CH,O

= organic matter, k; = decomposition, k;, = hydraulic conductivity, Dy, =

temporal variability of the controls.

restricted to the upper zone, which is at least intermittently
unsaturated and oxic (Moore et al., 2002); (2) Litter degrad-
ability also decreases with depth, as the ongoing decomposi-
tion producésifiureaingly decomposed and recalcitrant litter
residues. This is not a uniform process, however, as litter in-
put also occurs further down in the form of dead roots, root
exudates and litter leachates (Chanton et al., 1995); (3) The
transport of gases and solutes slows with depth, because dif-
fusion coefficient and hydraulic conductivities of the peat
decrease with water saturation and compaction (Wadding-
ton and Roulet, 1997; Fraser et al., 2001); and (4) the con-
centrations of electron acceptors, in particular oxygen, de-
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Diffusion). Most uncertainties lie in the process rates and spatio-

crease with distance from their atmospheric source and de-
plete rapidly in the saturated zone below the water table (Blo-
dau et al., 2004). The transition between unsaturated and sat-
urated zone seems particularly sharp after long periods with-
out rain (Hornibrook et al., 2008).

The oxidation processes that follow the water table draw
down and lead to the recharge of electron acceptor pools have
not been well investigated. This limits the ability to assess
the impact of drought-rewetting cycles on subsequent CO,
and CHj4 production. Generally, the recharging (i.e. oxy-
genation) of a particular electron acceptor is possible by oxy-
gen transfer into the saturated zone by root conduit transport,
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mixing by precipitation, water movement, water table fluc
tuations, and by the utilization of reservoirs of other elec-
tron acceptors with a more positive redox potential (Fig. 1c¢).
For example, the electron acceptors contained in humifie
organic matter may also allow for the chemical oxidation of
hydrogen sulfid (H3S) and thus maintain anaerobic S cy-
cling and CO; production (Heitmann and Blodau, 2007).

2.1.2 CHjy emission

The emission of CHy is a function of its rate of production,
transport and oxidation. High peat decomposition rates in
warm and poorly decomposed peat, local anoxia, provision
of substrates by roots, and rapid transport to the surface by
ebullition and through conduits, such as vascular plant roots
or stems, generally lead to high CH4 emissions (Shannon and
White, 1994; Fechner-Levy and Hemond, 1996; Coles and
Yavitt, 2004). The coupling between C, N, Fe, and S trans-
formations is also important. Iron and SO4 reducing bacteria
can suppress CHy production even at low concentrations of
these alternative electron acceptors (Kristjansson et al., 1982;
Achtnich etal., 1995). The potential effect of S deposition on
CHy4 emission from nutrient-poor peatlands has been identi-
fie by studies across S deposition gradients in eastern North
America and Europe (Nedwell and Watson, 1995; Gauci et
al., 2002; Vile et al., 2003). The authors showed that CHy
production rates increased and SO4 reduction rates decreased
with increasing S deposition. Future exploitation and com-
bustion of oil sands and coal reserves will thus likely lead to
increases in S deposition and continued depression of CHy
emission from peatlands

2.1.3 Novel controls on biogeochemical processes

Organic matter decomposition and methanogenesis are po-
tentially influence by the effects of extracellular enzyme
activity and by the accumulation of decomposition products
due to the slowness of transport processes in water saturated
peat. As was outlined above, the electron transfer processes
that finall lead to, or influence CO;, CHy and DOC flu es
are almost exclusively microbially mediated and require the
exo-enzymatic cleavage of complex litter and soil organic
matter molecules (Conrad, 1999; Fig. 1d). The role of phe-
nol oxidase enzymes is particularly important in this process
and the cycling of phenolic compounds that may interfere
with other extracellular enzymes (Benoit and Starkey, 1968;
Albers et al., 2004). Phenol oxidase enzymes are oxidative
copper-containing enzymes that catalyse the release of reac-
tive oxygen-radicals (Hammel, 1997; Claus, 2004) and are
produced by a wide range of micro-organisms such as fungi
(Hammel, 1997; Burke and Cairney, 2002), bacteria (Hullo et
al., 2001; Fenner et al., 2005) and actinomycetes (Crawford,
1978; Endo et al., 2003). Changes in the activity of extracel-
lular phenol oxidases may affect the retention of C in the soil
environment directly via the breakdown of otherwise highly
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recalcitrant organic matter and indirectly by releasing extra-
cellular hydrolase enzymes from phenolic inhibition (Pind et
al., 1994; Freeman et al., 2001a, 2004); consequently playing
an important role in the stability of peatland C stores. The ac-
tivity of extracellular phenol oxidases is constrained by low
oxygen availability (McLatchey and Reddy, 1998), low tem-
peratures (Freeman et al., 2001b) and low pH (Criquet et al.,
1999). Such conditions are characteristic of northern peat-
lands, and the release of phenol oxidase activity from one
or a combination of these inhibitory factors can therefore re-
lease an “enzymic latch mechanism” (Freeman et al., 2001a)
allowing destabilization of peatland C storage.

Recent studies also suggest that the impact of water satu-
ration, anaerobia and associated accumulation of decompo-
sition products may be larger than derived from laboratory
incubations, and can result in a near shut down of hetero- and
autotrophic respiration deeper into the saturated zone of om-
brotrophic peat soils (Beer and Blodau, 2007; Blodau et al.,
2007). If such finding could be generalized, C flu es from
heterotrophic respiration could be modeled by the depth of
the unsaturated layer, the distribution of the decomposition
constant, the soil temperature, and the photosynthetically
driven root exudation rate in the unsaturated zone. Such an
approach is to some extent limited in situations when water
contents become very high, i.e. in the capillary fringe of peat
soils. In this zone oxygen transport is impeded, likely lead-
ing to spatiotemporally variable mosaic of oxic and anoxic
microenvironments with variable respiration rates and path-
ways (Knorr et al., 2008).

Currently our knowledge about the soil physical proper-
ties that control biogeochemical processes in the capillary
fringe is limited, and even less is known about its variability
within and among different peatland types. When saturation
approaches 100%, it is likely that even small changes in wa-
ter content can have large impacts on rates of heterotrophic
respiration, methane production and oxidation, as well as on
other redox processes. Assessments about the impacts of in-
tensifie drought and rewetting on below ground carbon cy-
cling will thus depend on a better understanding of the in-
teraction between soil physical properties, transport and bio-
geochemical processes. The relationship between hydrology
and respiration processes seems somewhat simpler in the sat-
urated zone where heterotrophic respiration relies on the in-
flu of oxygen as well and, apparently, also on the removal of
organic matter decomposition products. Transport is slow in
diffusion dominated systems and fast when advection of soil
water predominates, leading to short residence times of wa-
ter in the soils. To link respiration to peatland hydrology and
climate change, the water residence time, or the time that a
certain volume of soil is occupied by the same body of water,
may thus offer a promising concept.

www.biogeosciences.net/5/1475/2008/
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2.2 Vegetation-mediated feedbacks

At an ecosystem scale, water level and pH control the vegeta-
tion composition. In turn the vegetation composition affects
the C balance through its effects on net primary productivity
(NPP), the amount and ratio of CO,:CHy4 released into the
atmosphere and peat physical properties (Fig. 5). As plants
and vegetation types generally form easily recognizable units
for both land-based and airborne assessments and are closely
coupled to soil processes, vegetation changes are both conve-
nient predictors for environmental changes to come as well
as monitoring tools for changes underway.

Plants differ in important characteristics such as pro-
ductivity, litter decomposability and association with fungi
which in turn affects the C balance of peatlands at local to
ecosystem scales. This results in a number of vegetation-
biogeochemistry feedbacks: (1) There is a general trade-off
between hummock and hollow inhabiting Sphagnumspecies,
with lower decomposability among the former, and higher
productivity among the latter (Rydin et al., 2006); (2) Om-
brotrophic growing Sphagnunspecies are usually difficul
to decompose compared with most co-inhabiting vascular
plants (Limpens and Berendse, 2003; Dorrepaal et al., 2005);
(3) The decrease in litter C:N ratio following from N depo-
sition may enhance decomposition (Limpens and Berendse,
2003; Bragazza et al., 2006); (4) Plants produce peat with
different structure and hydraulic conductivity, features that
in turn affect redox status and other physico-chemical con-
ditions. For instance, for the same degree of humifica
tion, the hydraulic conductivity generally increases in the or-
der Sphagnunpeat < Carexpeat < woody peat (Pdivdnen,
1982); (5) Plant differ in the rate and degradability of their
(root) exudates (Crow and Wieder, 2005); and (6) An in-
creasing sedge or graminoid cover will increase CH4 emis-
sion through aerenchymatic tissue (Thomas et al., 1996;
Nilsson et al., 2001).

On the whole, the vegetation that dominates a peatland
will not only affect photosynthetic and respiration rates, but
also the amount of C available for mobilisation as DOC from
the peatland. For example, vegetation types in Alaska may
be more important than regional climate in determining DOC
flu es from peatlands (Neff and Hooper, 2002). Figure 2
presents results from a survey across UK blanket peats show-
ing that DOC concentrations are significantl greater where
woody Calluna dominates when compared to Eriophorum-
dominated sites or Sphagnum-Eriophorusites.

Finally, large-scale changes in shrub and tree cover, going
from tundra to taiga (Chapin et al., 2005) or from taiga to
bog (Vygodskaya et al., 2007), involves marked changes in
albedo, in turn affecting the amount of solar energy absorbed
by the soil, with important potential feedbacks to permafrost
depth and local water table.

www.biogeosciences.net/5/1475/2008/
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Fig. 2. DOC concentrations in stream water from UK blanket peat-
land catchments (mean 4+ SE) dominated by particular vegetation
types. No burning occurred on the catchments used to derive data
in the figure Collection of the data was performed by Dr. Alona
Armstrong and was funded by Yorkshire Water.

2.2.1 Vegetation responses to environmental change

Apart from the obvious destruction of peatlands by drainage,
climatic changes that affect water availability are, together
with N deposition, the most important factors altering peat-
land vegetation in temperate and boreal regions. There is
quite a good understanding from ecological experiments how
different peatland plant species react to water table posi-
tion, wetness (Rydin and Jeglum, 2006) and N deposition
(Limpens et al., 2006). Precipitation frequency during the
growing season is a particularly important factor in control-
ling Sphagnunphotosynthesis (Robroek et al., 2008), which
constitutes an important part of the NPP in many peatlands.
In general, decreasing wetness during the growing season as
well as increases in N deposition stimulate vascular plant
growth at the cost of Sphagnum, with the magnitude of ef-
fects greatly depending on the starting conditions. The shift
from a Sphagnumdominated to vascular plant dominated
vegetation type coincides with increases in litter decom-
posability (Dorrepaal et al., 2005), heterotrophic respiration
(Bubier et al., 2007), hydrological conductivity of the upper
peat layer (Belyea and Baird, 2006) and a general decline of
C sequestration in the longer term. The future challenge is
to understand how various climate scenarios affect the wet-
ness of the peatlands, and how this in turn leads to vegetation
changes through differential growth and interspecifi com-
petition. How the latter is affected by different N deposition
loads is particularly of interest in areas with N deposition
increasing above c¢. 1-1.5gm™~2yr~!. This research field
requiring dynamic vegetation models that allow for contin-
uous feedbacks between vegetation and environment, is just
starting to emerge (Heijmans et al., 2008; St-Hilaire et al.,
2008).

N deposition above c¢. 1-1.5gm™2yr~! generally in-
creases vascular plant cover, and decreases Sphagnuneover,
although changes may be slow, and experimentally difficul
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to demonstrate, especially in regions with low background
deposition where the Sphagnuniayer is not yet N saturated.
Whereas vegetation changes were reported within 4 years of
N fertilization at high background deposition in the Nether-
lands (Limpens et al., 2004), it took 5-8 years for the firs
effects to emerge in Northern Sweden and Canada (Bubier
et al., 2007; Wiedermann et al., 2007). An increase in cover
of vascular plants beyond a critical limit inevitably leads to
a decrease in Sphagnuntover (Berendse et al., 2001), and
this alteration in dominance of the different groups of plants
is driven by positive feedbacks mediated by increased light
competition and decreased uptake of N by the Sphagnum
mosses (Limpens et al., 2006; Rydin and Jeglum, 2006).
Long-term monitoring has shown that N demanding species
have increased on ombrotrophic peatlands in SW Sweden
over the last decades (Gunnarsson and Flodin, 2007).

Increased temperature probably affects vegetation more
by indirect effects such as increased evaporation and re-
duced snow cover than by direct, differential effects on
plant species performance (Weltzin et al., 2001). Experi-
ments show that temperature effects on Sphagnungrowth
are species-dependant (Robroek et al., 2007) and can inter-
act with N deposition (Weidermann et al., 2007). However,
it is unclear if this eventually may shift the species balance
to such extent that C cycling is significantl affected.

While increased concentrations of CO; in the air may af-
fect the physiology and growth of plants (Jauhiainen et al.,
1998), most studies have failed to demonstrate strong effects
on peatland species composition (Berendse et al., 2001; Hei-
jmans et al., 2002). In contrast, Fenner et al. (2007a) showed
increased vascular plant cover at the expense of Sphagnum
in minerotrophic peatland vegetation subjected to elevated
CO;. Increased C turnover in vascular plants, particularly

Juncus effusus, resulted in higher DOC concentrations via

exudation and accelerated decomposition of litter and peat.
Moreover, a more than additive effect was found due to
the interaction between CO; and warming, leading to even
greater increases in vascular plant dominance, decomposi-
tion and DOC release (Fenner et al., 2007b).

A fiel experiment in Switzerland showed a differential
effect on N and CO; on the growth of peatland bryophytes
(Mitchell et al., 2002): height growth of Polytrichum stric-
tum was favored by N addition, whereas Sphagnum fallax
was favored by increased CO, concentration. Such con-
trasting effects on height growth may be more important
than effects on biomass accumulation for competition and
changes in species composition, since competitive outcome
in bryophytes to a large extent is determined by overtopping
and shading effects (Rydin, 2009). The results indicate that
even for such a "N-tolerant’ species as S. fallax, the negative
effects of N deposition are more important than any positive
CO; effects.

There is very little data about the natural changes in peat-
land vegetation as a result of climate variability. In the ab-
sence of human impact the species composition of temper-
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ate and boreal ombrotrophic peatlands (bogs) appears to be
very stable. This holds for fine-sc le (less than 1 m) per-
sistence of Sphagnumpecies over centuries-millennia (Ry-
din and Barber, 2001), and also for stability of microtopo-
graphic structure (hummock-hollow patterns over 40—-60 yr
(Backéus, 1972; Rydin et al., 2006). However, recent re-
analyses of bogs that were studied in detail in the 1940s and
1950s reveal larger changes. In a peatland in central Sweden
with low levels of air pollution there were clear indications
of acidificatio and associated changes in bryophyte compo-
sition (Gunnarsson et al., 2000, 2002). Novel approaches
based on remote sensing data, such as mapping the leaf area
index of trees and shrubs (Sonnentag et al., 2007) or the plant
functional type fractional cover in peatlands (Schaepman-
Strub et al., 2008) allow a spatially continuous assessment
of the current status and the detection of changes in ecosys-
tem functioning and vegetation composition.

3 Cfluxes at the landscape scale

3.1 Land-aquatic C flu es

The aquatic export from temperate and boreal peatlands
ranges between 1 and 50 g DOC m~2 yr~! (Dillon and Molot,
1997), which typically represents around 10% of the total C
release, and is currently showing widespread increases (Free-
man et al., 2001b; Worrall et al., 2003). For some mires,
CO; outgassing from the streams may comprise additional
losses of 2 to 13gCm~2 yr~! (Buffam et al., 2007). In the
most severely eroding peat catchments in the UK, particulate
organic carbon (POC) losses may exceed 100 gCm=2yr~!
(Evans and Warburton, 2007)

Wherever peatlands appear in the landscape they will dom-
inate the fluvia flu es of C in inorganic (DIC), DOC or POC
form. Given the periodic nature of stream response (Bay,
1969; Price, 1992; Holden and Burt, 2003a) most of the
aquatic C losses from peatlands occur during relatively short
periods (during high fl w), for example following heavy rain
or snow melt. The dominant pathways for water move-
ment in most ombrotrophic peatlands are near surface fl w
through the upper peat layers and saturation-excess overland
fl w (Holden and Burt, 2003a); matrix fl w in deeper peat
layers is severely limited (Rycroft et al., 1975; Holden and
Burt, 2003b). However, large preferential pathways can exist
in peatlands forming conduits (called macropores or pipes,
depending on diameter, Fig. 3) for water and C that bypass
near-surface and matrix fl w. The occurrence of pipes is not
related to slope gradient, although some topographic varia-
tion in the subsoil is necessary. Pipes have been reported for
subarctic continental peats (Gibson et al., 1993; Carey and
Woo, 2000), southern hemisphere patterned mires (Rapson et
al., 2006) and some tropical peatlands (Buytaert et al., 2006).
The effect of macropores and pipes on water and C fl w can
be substantial. Baird (1997) and Holden et al. (2001) showed
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Fig. 3. A natural peatland pipe showing (A) the outlet on a stream
bank (with compass for scale) and (B) the internal features of the
pipe channel which is 27 cm tall.

that over 30% of runoff in fens and blanket peats in the UK
moves through macropores, resulting in water and nutrients
being transferred between deep and shallow layers of the peat
profile There is even a theory that pipes can explain some of
the additional degassing from bog pools that does not seem
to be accounted for by bog pool size alone. Many drained
peat pools have been found to have a natural peat pipe on
their floo or wall (Rapson et al., 2006).

What is often ignored on a landscape scale is the variabil-
ity in water table and runoff that can occur wherever peat-
lands are subject to any significan topographic variation.
Underestimated is also the speed with which the dominant
overland and near-surface fl w in many peatlands may accel-
erate peat exposure after degradation of the vegetation cover,
resulting in enhanced POC efflu and reduced NPP as a re-
sult of vegetation loss (Holden et al., 2007a).

3.1.1 DOC flu es

DOC is important in peatlands because any change in the
flu of DOC will result in a significan regional redistribu-
tion of terrestrial C. In downstream ecosystems, DOC exerts
significan control over productivity, biogeochemical cycles
and attenuation of visible and UV radiation (Pastor et al.,
2003). In addition, DOC impacts water quality in terms of
color, taste, safety, and aesthetic value, as well as altering the
acid-base and metal complexation characteristics of soil wa-
ter and stream water. Together with the C losses considerable
nutrient export may occur as well, potentially increasing im-
pacts on aquatic diversity downstream (Waldron et al., 2008).
DOC accumulates in peat pore waters and is flushe out by
water movement, with concentrations often greatest follow-
ing periods of warm, dry conditions when DOC has had time
to accumulate. DOC concentrations are usually between 20
and 60 mg1~! in northern peatlands (Blodau, 2002) but con-
centrations are higher during low fl w periods. Despite this
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the total flu of DC (DC = DOC + DIC) exported is likely
to be higher during storm fl ws but many sampling pro-
grammes do not take this into account (Schiff et al., 1998).
Recent strong interest in water-borne C exports from peat-
lands has focused mainly on concentrations and flu es of C,
especially DOC within the drainage system of peat domi-
nated catchments (Dawson et al., 2002; Billett et al., 2006).
Buffam et al. (2007) reported DOC export for 15 Swedish
peatland streams at 2-10gCm~2 yr~! while DIC was be-
tween 0.2 and 2gCm 2 yr~!. However, we still know lit-
tle about what controls the transport of DOC and particulate
C release within peatlands themselves and the hydrological
processes leading to their delivery to rivers.

3.2 Land-atmosphere C flu es

The mass exchange of C between peatlands and the atmo-
sphere is dominated by the flu es of CO, and CHy, but be-
cause of the different radiative properties of CO, and CHy
the much smaller mass exchange of CH4 can have a dispro-
portional effect on climate forcing.

3.2.1 Net Ecosystem Exchange of CO, (NEE)

NEE from bogs, as determined by eddy co-variance systems,
ranges from a net loss of >100 g Cm~2 yr~! for a permafrost
dominated Siberian bog (Friborg et al., 2003) and Russian
European boreal bogs (Arneth et al., 2002) to large uptakes
of about 90 gCm~2yr~! (Alm et al., 1997). However, most
studies report mean annual NEE in a much smaller range
with multiple year averages between 20 and 60 g C m~2 yr~!
(Sottocornola and Kiely, 2005; Dunn et al., 2007; Roulet et
al., 2007). The NEE from minerotrophic peatlands (fens),
particularly mineral poor fens, shows a similar range and in-
terannual variability as that of bogs (Shurpali et al., 1995;
Joiner et al., 1999; Aurela et al., 2001, 2007). While all
these studies show large differences among years and peat-
land types in annual NEE the observed ranges are relatively
smaller than those observed among other major ecosystem
types. Humphreys et al. (2006) did a comparative analysis
of NEE from seven contrasting bogs and fens and found that,
despite large differences in water table depth, water chem-
istry, and plant community structure, that the summer daily
NEE was about 1.5gCm™2yr~! for all peatlands. This re-
sult implies that the differences in cumulative annual NEE
between individual peatlands are more a function of broad
scale geographic location and physical setting rather than
internal factors such as the hydrology, community struc-
ture and biogeochemistry. More long-term and continuous
records of NEE for a wider range of peatland types and ge-
ographical locations are required to support the above con-
clusion. An analysis by Lindroth et al. (2007) for four differ-
ent peatlands in Sweden and Finland shows that photosyn-
thetic radiation (PAR) was the dominant control on the gross
and net uptake of CO;. Frolking et al. (1998) found that in
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comparison with other upland ecosystems (e.g. closed forest,
grasslands and croplands), one NEE-PAR relationship with
smaller ecosystem respiration and NEE rates applied to the
two broad groups of ombrotrophic and minerotrophic peat-
lands. At a landscape scale, internal factors such as mois-
ture, temperature, vegetation composition and nutrient status
all seem to play secondary roles. This may be partly due
to the confounding effects that some environmental factors
have on the components of NEE. A modest increase in tem-
perature, for example, may both stimulate C assimilation and
C respiration, diminishing or even cancelling out its net ef-
fect on NEE. If it is confirme that the range of NEE among
peatland types is much smaller than initially expected then it
will simplify the task of modeling peatland CO; exchange at
coarse scales in global models.

3.2.2 Exchange of CH4 between peatlands and the atmo-
sphere

There are many comprehensive reviews of CHy flu from
peatlands (Moore et al., 1998). These show that the tem-
poral and spatial variability of CH4 exchange is much more
variable, by several orders of magnitude, than that of peat-
land CO,-NEE. Drier bogs with persistently low water ta-
bles, with or without permafrost, have very small CHy flu of
less than 1 gCm~2 yr~! (Roulet et al., 2007; Christensen et
al., 2004) while wetter bogs can have intermediate flu es of
5-8gCm~2yr~! (Laine et al., 2007). In wetter fens, particu-
larly when there is significan cover of sedges, the annual flu

can exceed 15gCm~2yr~! (Shurpali et al., 1993; Suyker
et al.,, 1996). In a boreal landscape, Bubier et al. (2005)
estimated a regional CHy flu of 7gCm~2yr~!, but the
flu es from individual peatlands types differed by a factor
10 or more (see also Schrier et al., 2008). Back calculat-
ing from the recent estimates of the atmospheric burden of
CH4 from high latitude wetlands (8—20x10'> gCHy yr~!,
Mikaloff Fletcher et al., 2004; Chen and Prinn, 2006) yields

an average emission of 2-5gCm~2yr~!.

3.3 Putting the flu es together: the annual C budget of peat-
lands

There are very few examples of net ecosystem C balances
(NECB) for peatlands, where both the atmospheric fuxes of
CO; and CHy and the water borne flu es of DOC, POC and
DIC have been measured at the same time. In this assessment
of the C balance of a peatland it is important to be very clear
on the terms. NECB requires a clear definitio of terminol-
ogy and we adopt in this paper the terminology discussed by
Lovett et al. (2006) and Chapin et al. (2006): AqgC (Lovett
et al., 2006) or NECB (Chapin et al., 2006) is the accumula-
tion of C in the sediments of an ecosystem after all the inputs
and outputs are balanced. The NECB for northern peatlands
from measurements is quite conservative ranging between 10
to 30 gCm~2 yr~!. NEE is the largest term ranging between
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0and 100 g C m~2 yr—! inputs and the approximate losses via
the CHy4 flu and DC range respectively between 0 and 12,
and 2 and 70 gCm~2 yr~! (Fig. 4). However, the high end of
the range of DC export comes from peatlands that have been
disturbed or used extensively throughout part of their history
for grazing and/or subjected to other forms of land-use (Wor-
rall et al., 2003).

Examining the NECB with all its terms makes it clear that
the exclusion of CH4 and DC losses could lead to an error in
excess of 100%. This means not only does the CH4 and DC
flu need to be measured but the simulation of the response of
northern peatlands to environmental changes will also need
to include these loss mechanisms to make the predictions of
use.

3.4 Perturbations

Main perturbations of peatland C storage and sequestration
involve large-scale land-use changes, particularly for the
tropical peatlands, changes in aerial nutrient input, such as
N for the temperate peatlands (discussed in Sect. 2.2) and
climate change for peatlands in the northern high latitudes.
Furthermore, combined perturbations may have an additional
aggravating effect, leading to higher losses than expected
from each disturbance separately. For tropical peatlands,
for example, the interaction between drought (brought by
the Southern Oscillation), deforestation, and fir is respon-
sible for the dramatic losses of C to the atmosphere. Like-
wise, feedbacks between permafrost melting, fire vegetation
changes and their effects on albedo may have far-reaching
consequences for soil C stores in permafrost peatlands at the
other side of the equator.

3.4.1 Land use changes

Currently, peatlands in many parts of the world are un-
dergoing major transformation due to human alteration, of-
ten involving drainage and burning, particularly peat swamp
forests in Southeast Asia. These peatlands store at least
42 Pg (1 Petagram=10"° g) of soil C but are increasingly un-
der threat from drainage and fire associated with plantations
such as palm oil crops (Page et al., 2002) and Acacia for pulp.
Hooijer et al. (2006) estimated that current CO, emission re-
sulting from the destruction of peatlands in Southeast Asia
(90% emitted by Indonesia) through drainage and burning
alone is equal to 8% of global fossil fuel emissions. Further-
more, the burning of peat and vegetation in Indonesia during
the El Nifio-Southern Oscillation (ENSO) in 1997 released
an estimated 0.81-2.57 Pg C, an equivalent amount of 13 to
40% of the mean annual global C emissions from fossil fuels
(Page et al., 2002).

Many temperate peatlands have been drained for commer-
cial exploitation such as agriculture, forestry or more re-
cently windmill farming (Waldron et al., 2008). This has
resulted in profound effects on peatland biogeochemistry,
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Fig. 4. Four carbon balances for northern peatlands reported in the literature. (A) Deduced C balance by Gorham (1995), (B). Average C
balance of UK peatlands compiled by Worrall et al. (2003), (C) Six-year average C balance for the Mer Bleue, raised shrub bog, Southern
Canada compiled from measurements of all components (Roulet et al., 2007), (D) Two-year average C balance for Degerd Stormyr, northern
Sweden compiled from direct measurements of all components (Sagerfors, 2007).

vegetation and C loss (Strack et al., 2006). Besides the
loss of peat building vegetation through the change in land
use, drainage of peat soils significa tly enhances POC loss
through concentrated fl w in the drainage channels, and in-
creases subsurface peat erosion and soil piping, depending
on time since drainage (Holden et al., 2006).

Peat extraction for energy use (Asplund, 1996) and horti-
cultural use continues to be a major threat to the global peat-
land area, and may increase when fossil fuel prices raise fur-
ther (Moore, 2000). Currently the largest harvesting areas
are found in Russia and are estimated to be about 90 000 km?
(Lappalainen, 1996).

3.4.2 Climate change

The increase in global temperature is felt most at the north-
ern high latitudes, and is projected to increase further in the
future (IPCC, 2007). For temperate peatlands the positive
effects of increased temperature on the water table and the
rate of decomposition (see chapter 2) may be locally offset
by increased precipitation frequency during the growing sea-
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son (Moore, 2002). In contrast, some peatland regions in
Southeast Asia and North America are projected to receive
less precipitation resulting in lower water tables and longer
dry seasons (Li et al., 2007), potentially increasing wildfir
frequency. For frozen peatlands in boreal regions, permafrost
thawing will be the most important driver of change.

Fires release C into the atmosphere through the burning
process and are likely to result in atmospheric and hydrologi-
cal short to longer-term changes caused by decreased surface
albedo, increased greenhouse gas emissions, and changes in
near-surface peat properties. Additionally there is dimin-
ished net primary productivity in the aftermath of the fir
that may last for about 20 years (Wieder et al., 2007). It
is yet unclear at which fir cycle frequency the turning point
lies where net radiative forcing turns into a net cooling ef-
fect. For boreal forest this turning point has been estimated
ata fir cycle of 80 years (Randerson et al., 2006).

Temperature effects on permafrost thawing show high spa-
tial variation as a result of a strong dominance of local con-
trols related to vegetation composition (Camill and Clark,
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1998). The effects of permafrost thawing on peatland C-
accumulation is equally uncertain. On the one hand the water
released by the melting of the ice may increase water resi-
dence time (see Sect. 2.1.3), promoting peat formation and
thus local C-accumulation but increasing CH4 emission. In-
deed, the C-sequestration rate of collapse scars is among the
highest reported for peatlands (Meyers-Smith et al., 2008).
On the other hand, if the permafrost layer acts as a water im-
permeable layer, the thawing will lead to drainage, stimulat-
ing decomposition processes (see Sect. 2.1.3). In peatlands
with discontinuous permafrost, severe fir events may con-
tribute to permafrost thawing leading to more permanent veg-
etation changes, potentially increasing C-accumulation in the
longer term (Kuhry, 1994; Myers-Smith et al., 2008; Schuur
et al., 2008).

3.4.3 Restoration

Many degraded peatlands are the subject of restoration
projects. Management practices are varied but include rais-
ing the water table through gully and ditch blocking (Evans
et al., 2005) and reseeding or planting bare surfaces (Petrone
et al., 2004). These management interventions can have
an immediate impact on the export of C to streams and
rivers. Holden et al. (2007b) for example, demonstrated an
almost two orders of magnitude decrease in POC export for
a restoration project in northern England while Wallage et
al. (2006) and Worrall et al. (2007) have shown that DOC
flu es are significantl reduced through drain blocking and
water table recovery.

Quick re-vegetation of degraded peat is often possible and
peat formation can be fast in gullies and drains, even without
water table restoration measures, thereby still having positive
effects on ecosystem C storage (Evans and Warburton, 2007).
Re-vegetation outside gullies is often aimed at restoring a
vascular plant cover (often Eriophorumsp.), or applying a
layer of straw mulch to provide a suitable microclimate for
Sphagnummosses to re-establish (Grosvernier et al., 1995;
Rochefort et al., 2003). This creates new biomass but also
primes the peat through input of fresh organic matter, leading
to a transient increases in peat decomposition and increased
methane emission rates (Chojnicki et al., 2007), before the
normal cover of mosses and shrubs develops.

4 Peatlands and climate

Climate change is largely driven by the accumulation of C
in the atmosphere which is the net balance between emis-
sions from human activities and the removal of C by natural
sinks on land and in the ocean. Over the last 50 years, the
efficien y of natural CO, sinks has been declining (Canadell
et al.,, 2007) and model projections show a further decline
throughout the 21st century (Friedlingstein et al., 2006).
High latitude and tropical peatlands have been identifi d as
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potential key vulnerabilities of the terrestrial C cycle likely
to lead to positive feedbacks to climate change (Freeman et
al., 1993; Fenner et al., 2005; Canadell et al., 2004). Global
warming for the high latitude peatlands and deforestation in
tropical peatlands are major drivers of the net C balance of
these regions.

4.1 Modelling vegetation — climate feedbacks

Over the last eight years there has been considerable effort to
couple global climate models with global C models to exam-
ine the magnitude and rate of potential feedbacks as a result
of changes in the cycling of C in the terrestrial biosphere and
the oceans. Until now, all the simulations agree on a pos-
itive feedback between the terrestrial biosphere, the oceans
and climate. The strength of this feedback, however, varies
considerably, and results range between 20 and 200 ppm of
additional atmospheric CO, by 2100, using the A2-IPCC
emission scenario (Friedlingstein et al., 2006). Climate-
carbon modelers acknowledge that there are major compo-
nents, such as dynamic land-use change, N cycling, fire and
wetlands that can lead to large feedbacks but are currently
ignored. The uncertainty in the projections caused by these
omissions is considerable. Recent carbon-nitrogen-climate
simulations for example show that results are dramatically
different between runs that include N and those that do not
(Thornton et al., 2007). If N availability is included, the ca-
pacity of the terrestrial biosphere to take up C and respond
to changes in temperature and precipitation variations is re-
duced, making the carbon-climate feedback more positive.
The feedback potential of wetlands is equally large. A pre-
liminary estimate suggests that up to 100 Pg C of CO, equiv-
alents could be released to the atmosphere from wetlands and
peatlands over the next 100 years (Gruber et al., 2004).

4.1.1 Including peatlands in earth system models

The inclusion of wetlands, particularly peatlands, in global
models is severely constrained by the way hydrology is
treated by the models, and less by the uncertainty concerning
their exact location (Krankina et al., 2008). In general, they
are concentrated in areas where precipitation exceeds evapo-
transpiration. However, the actual hydrology of wetlands that
controls ecosystem structure and function is largely a func-
tion of physical setting, substrates, and topographic location
at a landscape level. At present, these factors are too local
to be included, and the research community is still searching
for an adequate way to parameterize the issue. There have
been attempts to use a topographic wetness index to simu-
late northern peatland distribution (Kirkby et al., 1995) and
this has been extended globally by Gedney and Cox (2003).
However, this approach only simulates where surface satura-
tion occurs, whereas much of the biogeochemical processes
in wetlands are a function of the seasonal water table changes
over a range of 0.3—0.4 m (Moore et al., 1998).
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For peatlands the two factors that may be globally signif-
icant are the fate of the large mass of C stored as peat and
the production and oxidation of CHs. There have been no
global simulations of the fate of stored C but a series of lo-
cal peatland models have emerged that could, in principle,
with simplificatio be used to examine this issue at the global
scale. Results from simulations using the Peatland Carbon
Simulator (Frolking et al., 2001, 2002; Lafleu et al., 2003),
the NUCOM-BOG model (Heijmans et al., in press) and the
newly developed McGill Wetland Model (Saint Hilaire et al.,
2008) show that production and decomposition in peatlands
are quite sensitive to both changes in moisture and tempera-
ture.

There has been much more effort on modeling the po-
tential feedbacks of CH4 from wetlands, including north-
ern peatlands. Walter et al. (2001a, b) developed a pro-
cess based wetland- CHy emissions model and Shindell et
al. (2004) used this model to examine the potential feedback
with climate change. They simulated a 78% increase in CHy
emissions for a scenario involving a doubling of the ambi-
ent atmospheric CO; concentration. Although most of the
increase came from tropical wetlands, emissions from high
latitude wetlands doubled, showing an increase from 24 to
48x10'> gCH4 yr~!. Gedney et al. (2004) also estimated a
doubling of CH4 wetland emissions from about 300 to be-
tween 500 and 600x10'? g CHy yr~! by 2100, leading to a
temperature increase of 0.14 to 0.2K. They concluded the
latter would involve a 3.5 to 5.0% increase in overall radia-
tive forcing in comparison to the Cox et al. (2000) CO; feed-
back. The latter is a factor of 2 larger than any other coupled
carbon-climate simulation over the 21st century (Friedling-
stein et al., 2006).

It is too early in the global research effort to draw any
conclusions about the relative strengths of the CO, and CHy
feedback involving peatlands. Much more work is required
in this area and the links among peatland surface climate,
hydrology, ecosystem structure and function, and trace gas
biogeochemistry represent a major challenge for the global
modeling community. However, the recent modeling of the
role northern peatlands over the Holocene suggest that the
stored C in peatlands represents a present day cooling of
up to —0.5 W m~—2 when both CO, and CHy are considered
(Frolking and Roulet, 2007). Short-term decreases in the
wetness of peatlands, result in a reduction of this net cooling
effect, with the size of the reduction depending on whether
the change is dominated by changes in net CO, exchange
(smaller) or CHy exchange (larger) (Frolking et al., 2006).

5 Conclusion —drivers of the C balance across different
scales
At a local scale the depth of the unsaturated zone together

with vegetation composition are promising predictors for soil
respiration through their effects on the availability of electron
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Fig. 5. Conceptual overview of the key biogeochemical and bio-
physical drivers of the peatland carbon balance at different spatial
scales. PFT = Plant functional type, LAI = Leaf area index.

donors (organic matter) and electron acceptors (Fig. 5). Atan
ecosystem scale vegetation composition is in turn controlled
by water level, nutrient availability and pH. At the landscape
and regional scale the percentage of peatlands (land cover),
as well as their connections to other ecosystem types through
subsurface and surface hydrology and topography affect C
export to water and atmosphere. The above illustrates the
scale-dependancy of the main drivers, making full integra-
tion across scales difficult Yet, a large part of the drivers are
related to some aspect of hydrology such as surface wetness,
depth of the unsaturated layer, water table depth and water
movement. As such, findin a way of integrating these as-
pects into a single parameter (perhaps by calculating water
residence times) and relating it to biogeochemical processes
and vegetation shifts seems one of the promising areas for
future research.

Although full integration across scales is unnessary for
global predictions, a more integrated knowledge of feed-
backs between climate-vegetation and water dynamics across
peatland types is. The relatively narrow range of ob-
served rates of C accumulation in peatlands (Fig. 4) indi-
cates the presence of such feedbacks which, over sites and
years/seasons, work to reduce the high local variability in
C accumulation rates. It also explains why the differences
in cumulative annual NEE between individual peatlands are
more a function of geographic location and physical setting
than internal factors such as the hydrology, community struc-
ture and biogeochemistry. In order to fin and quantify these
feedbacks and to verify that they apply across peatland types
and climatic zones, continued discussion between disciplines
operating at different spatial and temporal scales is necessary.
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5.1 Ways forward

— Better understanding of the coupling between soil phys-
ical structure and aerobic and anaerobic respiration,
with further model development at local and regional
scales.

— Determining how vegetation change alters the C cy-
cle and C mobilization in different forms (DOC, POC,
gases).

— Understanding how various climate scenarios will affect
the hydrology of peatlands, and how this will lead to
vegetation changes and associated changes in C flu es
and stocks.

— Analyzing and establishing process studies in combina-
tion with ecosystem flu measurements to understand
the key controls on flu es in and out of the ecosystems
(water table, temperature, etc.).

— Incorporating in biogeochemical models key processes
controlling landscape C flu es such as fire regimes and
vegetation shifts.

— Identifying possible thresholds in C dynamics of peat-
lands to prevent large scale vulnerability of C stocks and
associated positive feedbacks to the climate system.

— Determining a more accurate global representation of
the spatial distribution of C-pools and stocks in peat-
lands, with particular focus on peat depth, peat bulk
density and the differentiation between ombrotrophic
and minerotrophic peatlands.

— Including the treatment of organic soils, and particularly
peat, in the C cycle components of fully coupled climate
models.
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