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Abstract

Recent literature on peatland restoration indicates as a general goal repairing or rebuilding ecosystems by restoring
ecosystem structure, trophic organization, biodiversity, and functions to those characteristic of the type of peatland
to which the damaged ecosystem belonged, or at least to an earlier successional stage. Attainment requires pro-
vision of an appropriate hydrological regime, manipulating surface topography, improving microclimate, adding
appropriate diaspores, manipulating base status where necessary, fertilizing in some cases, excluding inappropriate
invaders, adaptively managing through at least one flood/drought cycle to ensure sustainability, and monitoring on
a scale of decades. Several matching conditions favoring or opposing restoration are suggested.

In the restoration of peatlands, successes have generally been those of short-term repair. Periods of restoration
have been much too short to ensure progression to, or even well toward, a fully functional peatland reasonably
compatible with the pristine state of similar peatlands elsewhere, although with altered surface patterns.

Long-term monitoring of peatland-restoration projects is essential for a better understanding of how to carry
out such restoration successfully. Paleoecology is suggested as an underutilized tool in peatland restoration.

Introduction

Peatlands, which are important in the global carbon
cycle (Gorham, 1991, 1995; Roulet, 2000), have been
exploited over many centuries, chiefly (in decreasing
order of impact) for fuel, agriculture and forestry. In
recent years, restoration has received considerable at-
tention (Wheeler et al., 1995; Malterer et al., 1998),
as interest in conservation has grown (Parkyn et al.,
1997) and as the peat industry has become concerned
with the problem and supported research on it (Hood,
2000). This paper attempts to (1) summarize the major
goals of peatland restoration and the means for their at-
tainment, (2) identify conditions favoring or opposing
it, and (3) assess its successes and failures. In addi-
tion, greater utilization of paleoecology in restoration
efforts is recommended. A general conceptual frame-
work for restoration ecology has been outlined by
Hobbs and Norton (1996); see also Ehrenfeld (2000)

and Zedler (2000) for discussions of the limits to
restoration. For another review of critical questions
concerning bog restoration, see Money and Wheeler
(1999).

This paper deals only with restoration to a reason-
able approximation of a peatland’s original condition
(the ‘biodiversity strategy’ of Joosten, 2000), and
not with restoration for practical human ends such as
flood mitigation, storage of nutrients or toxins (the
‘regulation strategy’), or production of food, forest
products, industrial raw materials, etc. (the ‘produc-
tion strategy’), all of which would be better character-
ized as management. Restoration of Sphagnum cover
in peatlands managed for repeated shallow harvesting
of moss for horticultural uses may also be regarded
as a ‘production strategy’, and is favored by leaving
behind 30% of the original Sphagnum cover (Whinam
et al., this issue).



110

Major goals and their attainment

For a degraded peatland the primary goal is to repair
the ecosystem, if the damage is not too severe, or to
rebuild it if there has been considerable loss of peat.
This will involve re-establishing more or less normal
peatland hydrology, biogeochemical cycling, and en-
ergy capture that will allow autogenic plant succession
(Glaser and Janssens, 1986; Foster and Wright, 1990)
and the renewal of peat accumulation. It is important
to act as soon as possible after exploitation has ceased,
in order to minimize degradation of the surface peat by
decomposition and compaction (Schouwenaars, 1993)
and further losses by wind or water erosion, frost-
heaving and ice formation (Quinty and Rochefort,
2000). These authors point to the paradox that rewet-
ting, as the fundamental basis for restoration, may ex-
acerbate erosion by water and by frost-heaving, so that
water management should be programmed to counter
them. The restoration processes must be preceded by
an accurate spatial evaluation of current hydrology,
involving also a study of peat structure, hydrologic
conductivity and vertical seepage.

According to Price and Whitehead (2001), hy-
drologic conditions where Sphagnum has recolonized
block-cut trenches on a cutover peatland suggest three
threshold conditions for its re-establishment: high
water-table (mean –29 ± 14 cm), soil moisture >

50%, and soil water-pressure –100 cm for the whole
season, allowing the moss to extract water from the
decomposed and compacted cutover peat. Wheeler et
al. (1998) discuss the following site features influen-
cing water management: site drainage, surrounding
drainage, rainfall, boundary shape, loss to aquifer,
edge/area ratio, landscape situation, and surface topo-
graphy.

Once the hydrological assessment is done, internal
hydrology can be improved by rewetting to the point
of water surplus and by creating a large water-storage
capacity at the peat surface (Heathwaite, 1995), which
may involve filling in drains, dam construction, and
alteration of the topography to allow partial flood-
ing of the peat surface (Bugnon et al., 1997; LaRose
et al., 1997; Farrell and Doyle, this issue). Rewet-
ting is, however, much more difficult in vacuumed
than in block-cut Sphagnum bogs (Lavoie et al., this
issue), where restoring the water table during the
growing season to less than 40 cm beneath the peat
surface seems to permit the reestablishment of Sphag-
num species (Schouwenaars, 1988; see also Price and
Whitehead, 2001). Optimal rewetting would involve

restoration of the full range of hydrological variab-
ility, which is, however, usually unknown. (For a
long-term study of such variability in a small undis-
turbed peatland, see Verry, 1984.) Buffer zones may
also need to be established around certain peatlands to
protect the external hydrological regime (Eggelsmann,
1980; Schouwenaars, 1993), particularly where ver-
tical seepage is strong (Schouwenaars, 1993, 1995).
Hydrological processes in both abandoned and re-
stored peatlands, subjected to both block-cut and va-
cuum extraction as well as to different methods of
restoration, have been reviewed by Price et al. (this
issue). They also deal with the consequences of drain-
age for oxidation, compression, and subsidence of
the peat. Methods used to restore peatland hydrology
following extraction are summarized in Table 1.

The hydrological regime should be considered
from a broader catchment perspective if catchment
hydrology beyond the peatland has been altered signi-
ficantly (Vasander et al., this issue). This is particularly
true of large, patterned peatlands where upwelling of
groundwater from distant sources is important (Siegel,
1983, 1988). Water quality is also of great importance
in the rewetting process, given the very substantial
variation in water chemistry among bogs and the vari-
ous categories of poor, rich, and calcareous (extreme)
rich fens (Mullen et al., 2000). For example, Lamers
et al. (1999) describe a mechanism by which ground-
water or sulfate pollution can influence the buoyancy
of living Sphagnum and its die-off by affecting the
alkalinity of bog water. The difficulties of rewetting
degraded fens in the relatively dry climate of north-
eastern Germany have been outlined by Reichert et al.
(2000).

Restoration also involves stabilization of the peat
surface, done naturally by the use of species known
to be effective, or artificially by the use, for in-
stance, of coarsely woven, biodegradable matting
(Grosvernier et al., 1995). In the case of bogs, straw
mulch is very useful in improving the microclimate for
Sphagnum growth (Price et al., 1998). Certain ‘com-
panion’ species may also be employed (Ferland and
Rochefort, 1997; Tuittila et al., 2000). Fertilization
with phosphorus can have a positive effect (Ferland
and Rochefort, 1997).

Where drainage has converted open communities
into forest, as in many drained peatlands, it will be
necessary to remove the trees, at least partially (Vas-
ander et al., this issue). This is an especially important
consideration in northern and midcontinental bogs.
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Table 1. Methods used to restore hydrological regimes in peatlands after extraction has ceased1.

Technique Purpose

Block ditches Raise water table

Create terraces by building bunds Retain water and distribute it more evenly

Provide open-water reservoirs Increase lateral seepage

Pump water ′′
Alter microtopography Provide variety of habitats for colonization

Provide shade Lower temperature and increase relative humidity near the peat surface

Mulch with straw ′′
Provide companion species ′′
Establish buffer zones Prevent adjacent land use from affecting restored hydrology

1 Summarized from Price et al. (2001).

Figure 1. The interaction of restoration techniques in the re-establishment of Sphagnum mosses on mined raised bogs. Reproduced with
permission from The Bryologist.

Where the seed bank has been removed, appro-
priate diaspores – representing major elements of the
original flora – must be provided, from local remnants
or nearby sources wherever possible in order to min-
imize ecotypic differences within species. Fertilization
may be useful to assist their establishment (Rochefort
et al., this issue), with particular attention to the bal-
ance between phosphorus and nitrogen (Verhoeven et
al., 1996). At the same time potential invaders must
be excluded as far as possible, whether exotic, or
native species not normally found in the type of peat-

land being restored. Recent North American studies of
Sphagnum re-establishment on mined raised bogs by
Line Rochefort and her colleagues (Rochefort, 2000,
2001; Rochefort et al., this issue) exemplify the in-
teractions of restoration techniques (Figure 1). Their
paper in this issue describes in detail the steps that
characterize the methods of restoration employed on
North American Sphagnum bogs, and discusses eight
controlled experiments to investigate each step. They
also point out that given the variability of local condi-



112

tions, field preparation to restore suitable hydrologic
conditions must be site-specific.

Successful restoration must meet the goal stated
by the U.S. National Research Council (NRC, 1992):
‘to emulate a natural, functioning, self-regulating sys-
tem that is integrated with the ecological landscape in
which it occurs’. It will encompass returning the eco-
system to the structure, function, trophic organization,
and biodiversity characteristic of its type (Rochefort,
2000), for instance an acid, forested Sphagnum bog
or a circumneutral, open sedge fen. In the absence
of direct measurement of these ecosystem properties,
restoration of the characteristic floristic assemblages
(including typical dominants and biodiversity) can
provide a useful first step. Over the longer term,
peat accumulation must recommence. (Unfortunately
the surface pattern of the peat may seldom be cap-
able of restoration, owing to severe alteration by the
processes of exploitation.) It must inevitably be a
long-term process, involving monitoring over several
decades (Bakker et al., 2000). It also requires adapt-
ive management – including the ability to manipulate
hydrology – through at least one flood/drought cycle
to establish the appropriateness and sustainability of
the restored hydrological regime. It would be helpful
if a set of ‘indicator species’ could be identified as
useful in showing the re-establishment of various eco-
system functions (Zedler and Weller, 1989; Bakker et
al., 2000). For a checklist of 28 questions appropriate
to planning, carrying out, and assessing the success of
restoration programs, see NRC (1992).

Peatlands can recover from certain degrees and
types of disturbances through autogenic processes
once a Sphagnum carpet is established (van Bree-
men, 1995; Hilbert et al., 2000; Belyea and Clymo,
2001). However, once disturbed severely, certain types
of peatland will be difficult, if not impossible, to
restore to their former state. Examples include peat-
lands underlain by permafrost (Zoltai et al., 1988),
and the hydrologically complex, patterned peatlands
of Canada and northern Minnesota (Glaser, 1989;
Wright et al., 1992). Sites subject to anthropogenically
enhanced acid and nitrogen deposition from the atmo-
sphere will also be difficult to restore (but see Beltman
et al., 1995). Poor-fen sites with pH values close to
5.7 will be especially vulnerable to acid deposition,
being at the point of rapid natural transformation from
circumneutral rich fen to strongly acid bog (Gorham
and Janssens, 1992a, b). Even without acid stress, the
normal processes of succession in such sites make pH

difficult to maintain, which may be important because
they can harbor rare species (Gorham et al., 1987).

The process of restoration becomes even more pro-
tracted if it is necessary to rebuild the ecosystem in
cases where mining activity has been substantial, peat
and water chemistry have been altered significantly
(Wind-Mulder and Vitt, 2000), and the peat remain-
ing is that of an earlier stage of development (White,
1930). In such a situation conditions must be es-
tablished that allow the natural autogenic processes
involved in peat accumulation, which gradually cause
a decline in minerotrophic inputs from around or be-
neath the peat deposit, to induce plant succession to a
reasonable approximation of the former stage of de-
velopment. Paleoecological studies are likely to be
helpful, and will be discussed below. Pfadenhauer and
Klötzli (1996) state that for Central European bogs –
drained and overgrown with heather – to be restored to
the stage of peat accumulation, it may be necessary to
interpose a tall-sedge community with minerotrophic
Sphagnum species instead of allowing a dense stand
of Eriophorum vaginatum to develop without an acro-
telm being formed. They also examine the problems of
rewetting, reducing nutrient inputs, and recolonizing
damaged fen sites. Some poor fens are characterized
by the presence of a few ‘fen-indicator’ species, rooted
in fen peat beneath a shallow layer of acid Sphagnum
peat and surviving by a process of ‘biological iner-
tia’ (Gorham, 1957) under conditions in which they
could not establish. Once damaged, they may require
rebuilding from an earlier fen stage if those indicator
species are to be restored.

Buckland et al. (2000) point out that where damage
has been severe, as in many lowland English mires,
restoration to the original state may be impossible be-
cause the Sphagnum species that were the predominant
peat formers are now rare or extinct in the region, and
in any case developed under climatic conditions dif-
ferent from those now prevailing. They also remark
that there is a great need to consider the very di-
verse invertebrate fauna in peatland conservation and
restoration.

Recent modeling studies may be helpful in think-
ing about the restoration of peat accumulation. Hilbert
et al. (2000) devised a general model of peatland dy-
namics that describes the role of non-linear interaction
between water-table depth, which reflects the water
balance of the system, and peat production. In this
way they add allogenic factors – climate and local
hydrology – to the controlling autogenic factors of ac-
rotelm/catotelm dynamics described by Clymo et al.
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(1998). They point out that, at intermediate water-table
depth, two equilibrium states are possible, in which a
slight change in water balance could lead to a rapid
shift in equilibrium. This in turn could, for example,
shift the peatland from a current sink to a source of
carbon to the atmosphere.

Belyea and Clymo (2001) modeled microtopo-
graphic adjustments of the peat surface based on a
hump-backed relationship between rates of peat form-
ation and the thickness of the aerobic surface layer
(acrotelm). Their model provides a feedback mech-
anism that links hydrology and carbon sequestration
to dynamic changes in peatland microforms (lawns,
hummocks, hollows and pools).

Eight influences upon the natural recolonization of
mined peatlands following abandonment are outlined
in Table 2. They include spatial, temporal, physical
and biological factors as well as the type of exploita-
tion. The role of spontaneous vegetation succession in
ecosystem restoration has been advocated as integral
to the process (Prach et al., 2001). It is illustrated in
the case of peatland ecosystems by Lavoie et al. in this
issue.

Parameters for measuring the success of
restoration

In the short term it is most important to manipulate
hydrology so as to re-establish key mosses, such as
Sphagnum species, in the case of acid bogs and a vari-
ety of rich-fen herbs, such as Carex species, in the case
of circumneutral fens. Sphagnum re-establishment has
often been partially successful in exploited acid peat-
lands, particularly in block-cut as opposed to vacu-
umed raised bogs, which require intensive drainage
to support heavy machinery. Such drainage increases
compaction and oxidation of the peat, considered by
Price (1996) to be irreversible. In vacuumed bogs, cot-
ton grass (Eriophorum vaginatum) is often the most
successful colonizer, and seems to improve the mi-
croclimate for other bog species (Tuittila et al., 2000;
Lavoie et al., this issue).

Over the longer term it is important to re-establish,
as far as possible, (1) full biodiversity, taking into
account its different levels (genetically different eco-
types, species, ecosystems and landscapes), (2)
trophic organization of plants and animals into food
webs resembling those present before disturbance, and
(3) productivity, decomposition, and biogeochemical
cycles characteristic of the original type of ecosystem

and balanced so that peat accumulates. In this connec-
tion, Waddington et al. (this issue) describe methods
for measuring Sphagnum productivity and decompos-
ition in peatlands undergoing restoration. In the case
of Sphagnum bogs, the re-establishment of normal
acrotelm/catotelm dynamics is vital (Clymo, 1991).
In evaluating long-term success it will be necessary
to take into account all of the ecosystem properties
listed above, and to pay attention to multiple lim-
iting gradients of hydrology, alkalinity/acidity, and
nutrients (Bridgham et al., 1996; see also Wheeler,
2000).

In general, periods of restoration have been too
short to determine whether the appropriate ecosystem
structure, function, trophic organization and biod-
iversity will ultimately be restored acceptably, or if
a rebuilt ecosystem will follow, to a reasonable de-
gree, the successional pathway of the original one.
Rochefort et al. (this issue) estimate that a significant
number of characteristic bog species can be estab-
lished in 3–5 years, a stable high water-table in about
a decade, and a functional ecosystem that accumulates
peat in perhaps 30 years. As far as we are aware, no
peatland restorations, most of which are very young,
have met the criteria discussed in the paragraph above,
including restoration of characteristic biodiversity. In
this context it is fortunate that vascular-species rich-
ness of individual Sphagnum bogs appears not to be
dependent on the extent of their area (Glaser, 1992).

It is instructive to consider here the possibility of
natural peatland restoration over the long term without
human intervention. For example, in what might be
considered rather favorable conditions for restoration,
Soro et al. (1999) compared plots from the ombro-
trophic surface of Ryggmossen, one of the few pristine
bogs left in east-central Sweden, with plots in a num-
ber of shallow, hand-dug peat trenches, mostly 0.5–
1.0 m deep, from 11 similar bogs nearby where mining
had been abandoned for 36–60 years (mean 50 years).
Table 3 indicates that even though surface wetness was
greater in the trenches than at Ryggmossen, the Sphag-
num cover was much less, despite the presence, on
average, of five more species. Most of the additional
species that had invaded the bare peat were character-
istic of fens, despite the strong acidity of the trench
waters. A feature of particular interest in this study is
the authors’ observation that the percentage of non-
random species associations was much lower in the
trenches. This suggests that random events were more
important, and biological processes less important,
than on the mature bog surface.



114

Table 2. Eight factors influencing the type of natural recolonization of exploited peatlands after abandonment1 .

Area and depth of mining activity

Type of exploitation (e.g., removal of surface moss, block-cut or vacuum mining, drainage for agriculture or forestry)

Depth and type of peat remaining

Degree of hydrological disturbance

Presence of remnant vegetation

Nature of former vegetation

Nature of surrounding vegetation (distance to sources of appropriate propagules)

Time from abandonment to attempted restoration

1 Modified from White (1930).

Table 3. A comparison of plots in mined peat trenches from eleven bog sites with plots from the
ombrotrophic plane of the Ryggmossen bog.

Ryggmossen Mined

bog plane peat trenches

Water-table depth (cm) 19.1 7.4

Bare peat (mean %) 2 17

Sphagnum cover 74 54

Number of Sphagnum species 9 (all bog) 11–21 (many fen)

Carex rostrata absent present (8 sites)

Carex lasiocarpa absent present (4 sites)

Total number of species per plot1 4.9 2.3

Number of Sphagnum species per plot1 1.5 0.75

Percentage of significantly non-random species associations1 52 24

1 25 × 25 cm plots, n = 800 (Ryggmossen) and 600 (trenches).

In most cases of disturbance there has been little
or no prior measurement of ecosystem properties, so
that the goal becomes more generalized: to restore the
ecosystem in a way that reestablishes it as a more or
less normal member of the type to which it belonged
originally, such as an open bog, or a wooded rich
fen. In central Europe, millennia of human disturb-
ance have often made it difficult, if not impossible,
to ascertain the original state of the ecosystem. In
such a case, restoration end-points are difficult to base
on original status and choices must involve other cri-
teria, unless paleoecological studies provide adequate
guidance. These choices will require societal decisions
based, for example, on the desirability and ease of
re-establishing rare species or types of ecosystems
(Beltman et al., 1995), or providing habitat for certain
kinds of wildlife such as birds (Bölscher, 1995; Des-
rochers et al., 1998) or butterflies (Duffey and Mason,
1970).

A further problem, especially for European peat-
lands, is the unprecedented anthropogenic enhance-
ment of atmospheric nitrogen and sulfur deposition
upon them, which appears to be having signific-
ant impacts upon their vegetation (Lee et al., 1993;
Beltman et al., 1995; Grootjans and van Diggelen,
1995; Koerselman and Verhoeven, 1995; Tomassen
et al., 2000), with important consequences for eco-
system structure, function and biodiversity. According
to Grootjans and van Diggelen (1995), this means
that most fens in the central European lowlands will
require a mowing regime to control tall graminoids
and preserve their current vegetation, even with op-
timal hydrology. Effects of nitrogen enrichment upon
Sphagnum species appear mixed (Money and Wheeler,
1999). Climate warming is also likely to have pro-
found effects upon peatlands (Gorham, 1991, 1995;
Schouten et al., 1992; Heathwaite, 1993), and will in-
teract with the above-mentioned impacts of acid and
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Table 4. Landscape, ecosystem and social/industrial factors favoring and opposing peatland restoration.

Type of Factor Factor Favoring Opposing

Ecosystem Information on prior Much Little or none

condition

Time since abandonment Short Long

Structure Simple, single Complex, zoned

main community or patterned

with many communities

Substrate stability (a) Flat topography Sloping topography

(b) No frost-heaving Frost-heaving severe

(c) Freshly disturbed Aged and

surface hydrophobic surface crust

Remnant vegetation Present Absent

Seed bank Present Absent

Biodiversity Low High

Rare/endangered species Absent Present

Landscape Climate Relatively stable Drier, strongly

and wet cyclical between

flood and drought

Hydrology Simple (e.g., topogenous) Complex (e.g., soligenous)

Permafrost Absent Present

Connections to other Present Absent

peatlands

Distance to sources of Near Far

appropriate propagules

Chemical inputs (nutrients, Little altered by Greatly increased

toxins) human activities by human activities

Invasive species None or few Many

Social/Industrial Advance planning 2–5 years 1 year or less

Environmental laws Strong Weak

Environmental groups Strong Weak

Research funding by Adequate Little or none

industry and government

Concern within peat industry Strong Weak

nitrogen deposition (van Dam and Beltman, 1992;
Berendse et al., 2001).

Prioritizing peatlands for restoration

In prioritizing sites for restoration, an assessment must
be made of conditions favoring and opposing restor-
ation, assuming appropriate personnel and resources
are available. Several of these, related to physical as
well as biological and societal attributes, are listed in
Table 4. They will aid in answering questions such
as: (1) is success likely; (2) was the site ecologically
unique or uncommon in the region; (3) did it, or can

it, sustain rare species; (4) did it have important func-
tional linkages to other peatlands, or to other types of
ecosystem? Wheeler et al. (1998) list several attributes
to be considered in setting priorities, three under the
heading Need and Urgency, ten under Feasibility and
Requirements, and four under Practical Constraints.
They employ these to develop a ‘restoration potential
score’ for assessing the eligibility of a given bog for
restoration.

Paleoecology as an aid to peatland restoration

Although paleocology is an important tool for un-
derstanding and monitoring peatland and other eco-
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systems (Gorham et al., 2001), stratigraphic studies
of peatland development are only occasionally con-
sidered (e.g., Joosten, 1995; Wichtman and Koppisch,
1998) in peatland repair or rebuilding. They should,
if possible, be undertaken before the ecosystem is ex-
ploited, although peatland remnants can be useful if
not too marginal (Lavoie et al., 2001). Such stud-
ies can answer a variety of questions, beginning with
whether the present system has been relatively stable
or is on a trajectory of change, and how it developed
to its present state. It is well known that peatland suc-
cession can follow many different pathways (Walker,
1970; Tallis, 1983), and in rebuilding peatlands in
which the peat surface has been lowered to an earlier
stage of development it can be particularly helpful to
know the pattern of prior succession. It is also pos-
sible to infer, from a study of moss fossils in peat
cores, depth profiles of past water levels and acidity
(Janssens, 1983; Janssens et al., 1992) that can as-
sist in explaining the successional sequence. Studies
across recurrence surfaces in bogs can also yield valu-
able insights into natural recovery from surface drying
(Schouwenaars, 1995), as might examination of the
recolonization of naturally dried-out bog pools, and
of post-fire vegetation succession (Lavoie et al., this
issue).

Conclusion

Peatland restoration will not be placed on a firm
footing until we understand a lot more about funda-
mental peatland science. We need to know much more
about how climate, topography, soil parent material,
hydrology and the biota have interacted to control
ecosystem form and function over time (Gorham,
1957, 1994). For this to come about, we also need
to know much more about the autecology of major
peat-forming species, such as Sphagna (Clymo and
Hayward, 1982) and Carices (Bernard 1988, 1990),
as well as of rarities, for instance Carex exilis in Min-
nesota (Santelmann, 1991). In particular, we require
more information on competitive abilities of peatland
plants under different environmental conditions, and
especially their capacities for dispersal and establish-
ment (Campbell et al., in press). Wherever possible,
restoration projects should attempt to incorporate an
investigation of fundamental peatland science as an
important component of the program, and peatland re-
searchers and managers should be encouraged to keep
in close touch with one another.
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