17 Restoration of Degraded Boreal Peatlands

LINE RocHEFORT and ELVE LODE

17.1 Introduction

The ecological restoration of a habitat is the process of assisting the recov-
ery of an ecosystem that has been damaged, degraded, or destroyed (Soci-
ety for Ecological Restoration Science, Policy Working Group 2004;
Chap. 16). Owing to the fact that the restoration of complex wetland
ecosystems to their former patterns is almost impossible, the existing wet-
lands or peatlands should be improved and restored as far as is possible to
former wetlands within socioeconomic and environmental limiting con-
ditions (Anonymous 1995; Wheeler 1995; Charman 2002). Environmental
limitations can refer to controllable conditions, e.g., hydrological or bio-
logical management, or to uncontrollable conditions, e.g., climate (Streef-
kerk and Casparie 1989). Socioeconomic conditions can limit the restora-
tion approach owing to poor economy or lack of environmental
knowledge of a society. The historical conditions established by different
peatland utilization systems also influence future possibilities for restora-
tion (Girard et al. 2002). There is considerable variation in restoration
costs and in the duration of the recovery process, variation that is strongly
related to the scale and length of time of the changes made in the peat
landscapes.

In view of these constraints, we define the general goal of peatland
restoration as the return of degraded or destroyed peatland sites to wet-
land ecosystems. Over time and through plant succession, these wetlands
should lead back to peat-accumulating ecosystems. The notions discussed
in this chapter apply mostly to the boreal biome of the northern hemi-
sphere.
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17.1.1 Goals of Peatland Restoration

The restoration of peatlands will seek to reestablish a plant cover domi-
nated by Sphagnum or brown mosses depending on the substrate
minerotrophy, as well as a hydrological regime typical of peatlands
(Rochefort 2000). Nonetheless, the restoration process should ensure the
return of functions of the ecosystem necessary to its self-perpetuity (Lode
2001). Among these functions are adequate productivity permitting the
accumulation of carbon, cycling of nutrients, recovery of the vegetation
structure that will favor animal and plant biodiversity, and characteristics
that permit the ecosystem to resist biological invasions.

Peatland restoration is one way of reaching the objective of “no net
loss” promoted by the North American council for the conservation of
wetlands (Lynch-Stewart 1992) and the European community (Anony-
mous 1995). The no net loss objective is based on the principle that the
obligatory loss of wetlands should be compensated. Compensation can be
achieved by the restoration of former wetlands or the creation of new wet-
lands of at least the same area that perform the same functions and pro-
vide similar ecological values. Improvement and restoration should have
priority over the creation of new wetlands. It is not possible to completely
end disturbance of wetlands. Some disturbances occur naturally, some are
from past activities, while others are unavoidable and result from human
activities that are beneficial. However, attempts toward “wise use” of peat-
lands (Joosten and Clark 2002) via “reasonable” manmade management
including conservation and nondestructive uses will hopefully increase in
the near future.

The concept of peatland restoration retained in this chapter subscribes
to the notion of “sustainable use” of peatlands. This means that after any
type of disturbance, the peatland ecosystem and its main functions are
restored back within a human lifetime, so that future generations can
appreciate the presence of this special habitat, often little known by the
general public. Thus, the general goal of restoration is not to renew peat as
a natural resource, but rather to manage the ecosystem so as to impede its
loss in certain regions or localities and maintain the biodiversity of habi-
tats.

Mire restoration has become a central practice of nature conservation
in European countries where mires have become rare (Wheeler and Shaw
1995; Wheeler et al. 1995; Lamers et al. 2002; Blankenburg and Tonnis
2004). In North America and in Europe, commitments toward peatland
restoration have been adopted as a common practice among the peat
industries (Rochefort and Price 2003; Vasander et al. 2003). In European
countries where there is still a considerable amount of both peat resources
and mires in a natural state (Estonia, Finland, Sweden, Russia), bog
restoration is not the prevailing aim of peatland management. Manage-
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ment options are often the creation of shallow wetlands to favor bird habi-
tats, the creation of fen-type landscapes, or the establishment of agricul-
tural or forestry practices. But if in a particular landscape setting bogs are
recognized to be important in maintaining the groundwater table, then a
restoration approach is favored (Schouten et al. 2002).

17.1.2 Conservation

It would be unwise to only rely on restored peatlands as a conservation
strategy for a given geographical region. Indeed we know little about how
new restoration sites are recolonized by animal peatland species. To
ensure the maintenance of regional biodiversity, it appears important to
maintain pristine peatlands on the landscape, or at the scale of a peatland
complex to preserve undisturbed fragments adjacent to extracted areas
(Poulin et al. 1999; Pellerin and Lavoie 2000). The undisturbed peat
deposits of mires are like a book, and through palaeoecological analyses,
the history of past climate, landscape development since the last glacia-
tion, and environmental changes can be decoded. Any peat utilization
destroys these archives forever, and this is part of the reason why the spa-
tial distribution of peatlands for conservation should be chosen with care.
The preservation of natural remnants within a peatland site or complex is
also recommended as it can ensure the supply of plant material for future
restoration plans or as a refuge for an array of animal species while wait-
ing for the restoration of the entire ecosystem.

17.1.3 Topics of This Chapter

Peatland restoration is a relatively new field of investigation that was the
object of significant advances in the 1990s (Lode 2001; Price et al. 2003;
Rochefort et al. 2003). Currently the conservation and restoration of peat-
lands in Europe stem from the fact that Europe has lost or degraded the
major part of its peatlands. This chapter will mostly discuss the restora-
tion of Sphagnum-dominated peatlands (bogs) that have been affected by
peat mining (Chap. 16), but the overall approach can easily be adapted to
the restoration of ombrotrophic peatlands that have been damaged by
agriculture, fires, or certain types of erosion. The restoration of peatlands
after forestry practices and drainage is discussed in depth by Laine et al.
(Chap. 15). For the particular case of peatlands with serious erosion prob-
lems, the report on blanket mire degradation (Tallis et al. 1997) should be
consulted.

The first section of this chapter overviews the extent of habitat loss in
the boreal biome. The next section describes the factors influencing plant
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establishment on degraded peatlands, and the subsequent section gives an
overview of restoration practices. Concluding sections discuss the success
of recovery and end with the needs of research in peatland restoration.

17.2 Background on Habitat Loss

During the last decade, intensive work has been done in the field of peat-
land inventories (Pfadenhauer et al. 1993; Lappalainen 1996; Mitsch and
Gosselink 2000). In spite of greatly improved overviews concerning the
location of peatlands and extension, there is still lack of comprehensive
and comparable data in reports at the national level (compare for instance
Joosten and Clarke 2002 with Vasander et al. 2003). In spite of uncertain-
ties in data or different definitions used, one trend is clearly observed - a
trend of decreasing the area of peatlands in the world, especially in Europe
(Fig. 17.1).

Owing to a long history of high population and climatic suitability for
agriculture, Europe has experienced one of the largest mire losses in the
world. Currently over 50 % of European peatlands have ceased to accumu-
late peat and almost 20 % of the original mire area no longer exists as
peatland. In many countries only 1%, or less than 1%, of the original
resources remains (Joosten and Clarke 2002).

w40
2 —
E @ 30
() b
2
co
£8 20
05
= (O
TR i
£ 10
S
8 i
0 = T T T
. . . )
0\0(\6 6{}“‘4‘0600 &‘bob \Oo\o @’6& 00‘\\0 &’b{b Q\‘b‘\b qbo& \,be
& O AN VR OO . K\
WS gy Y ¢ F 4.\0 é&e
L
-8
00‘

O Mire losses within a country

E Current extent of mires within the country

Fig. 17.1. Former extent of mires expressed as a percentage over the total area of a
country (fotal bars), mire losses within a country (white part of the bar), and current
extent of mires within a country (shaded part of the bar) in northern Europe, esti-
mated after Joosten and Clarke (2002)
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In Canada, it is estimated that since European colonization, close to 20
x 10° ha of wetlands have been affected by human activities (Rubec 1996).
Out of that 20 x 10° ha of wetland lost, it is estimated that 1 x 106 ha is
ombrotrophic peatlands (bogs). So far, the peat industry has been working
on a total area of 17,000 ha of bogs over the country (Daigle and Gautreau-
Daigle 2001). The main loss of bog habitats in North America is mostly
caused by flooding from the building of dams for hydroelectricity or from
agriculture, which has impacted mostly fens and wetlands. In the USA,
there are 21.4 x 10° ha of peatlands, of which 50 % occur in Alaska in their
natural state. Only about 2 % of the contiguous USA is ombrotrophic peat-
lands (high fiber, low-decomposition fibrists peat type; Malterer 1996),
and nearly all are in their natural state.

17.3 Factors Influencing Plant Establishment
on Degraded Peatlands

Sphagnum-dominated peatlands (bogs and poor fens) are characterized
by a strong relationship between vegetation and hydrology (Ingram 1983;
Chap. 4). Sphagnum mosses are abundant and dominant in these ecosys-
tems and they are able to modify their physicochemical environment to
the point of impeding the processes of decomposition (Clymo 1987). With
time, peat accumulates, which slowly raises the peat layers above surface
runoff, causing an impoverishment in mineral input as the peatlands
become fed only by atmospheric precipitation (Glaser and Janssens 1986).
The highly fibric and porous structure of the Sphagnum carpet can store
atmospheric water and limits considerably water table fluctuations
(Ingram 1983; Wheeler 1999). In natural bogs, the Sphagnum mosses keep
the eco-hydrologic self-regulating systems favorable to their own growth
(van Breemen 1995). This is the reason why so much attention has been
given to the long-term reestablishment success of Sphagnum mosses dur-
ing the development of restoration techniques (Money 1995; Rochefort
2000; Tuittila et al. 2003).

17.3.1 General Approach

Sphagnum mosses possess a high potential for regeneration from vegeta-
tive fragments (Table 17.1), but factors allowing this expression under
field conditions have only begun to be understood. Numerous field obser-
vations show that spontaneous recolonization of peatland ecosystems by
Sphagnum mosses is not a common phenomenon on milled peatlands
(presently the most common type of abandoned peat fields). Indeed, very
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Table 17.1. Regeneration potential of different Sphagnum organs removed from the
gametophyte in experimental conditions (adapted from Gauthier 2001)

Bibliographical source Oehlmann (1898) Woesler (1934)
Species 6 7 8 2 10 2

Green part

Apical bud

+ With leaf and branch primordia

+ Without leaf and branch primordia + + +

Whole capitulum +
Branch of the capitulum
+ Length not specified

* Long + + +
* Medium + + +
 Short + + + +

Thin section of the stem between the capitulum and the first fascicle

Stem portion

+ Not specified - - -
+ Between the capitulum and the first fascicle

+ With at least 1 branch fascicle

+ Between 2 branch fascicles

» Without leaves and branches +
Whole branch fascicle

Branch (type not specified) + + + +

Divergent branch

» With leaves +

+ Without leaves

Pendent branch

+ With leaves

+ Without leaves

Branch leaf

+ Origin not specified + + + + -
+ From branches of the capitulum +

+ From divergent branches of the stem

Brown part - stem portion

» With at least 1 branch fascicle

« Between 2 branch fascicles

» Without leaves and branches +

+ expresses a positive result and - a negative result.

1 S. magellanicum, 2 S. palustre, 3 S. papillosum, 4 S. squarrosum, 5 S. angustifolium,
6 S. cuspidatum, 7 S. fallax, 8 S. rufescens (= S. denticulatum), 9 S. subsecundum, 10
S. capillifolium, 11 S. rubellum, 12 S. subnitens
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few postmilled peatlands that have been abandoned for the last
15-25 years have readily been recolonized by Sphagnum plants over
extensive bare peat areas (e.g., less than 1% in Canada; Rochefort 2001;
Poulin et al. 2005).

The first years of trials to reintroduce sphagna on bare peat were
unsuccessful (at the end of the 1980s and the beginning of the 1990s). All
moss reintroductions were done by spreading fragments on bare peat, by
either reintroducing whole Sphagnum individuals in wet hollows and
water-filled ditches or by the transplantation of entire Sphagnum cores
(“plugs”) of different size (small cores of 10 cm x 10 cm x 10 cm or blocks
of 1 m x 1 m x 50-cm depth), and resulted in dead plant material after one
or two field seasons or at most they just barely survived (the large “plugs”)
without any spatial extension after 10 years of monitoring. Sphagnum
moss establishment became successful only once the importance of pro-
viding a favorable humid microclimate at the interface of the air-peat sur-
face and of protecting the vegetative moss fragments against desiccation
was realized. Then it became possible to develop efficient restoration tech-
niques.

In the first peatland restoration projects, careful attention was given to
match the Sphagnum species and the residual substrate in terms of
physicochemical conditions. Those detailed substrate characterizations
were costly and now several field observations indicate that there is little
relation between the specific Sphagnum habitat niche and its ability to col-
onize bare peat when working on Sphagnum residual peat (fibric material
of von Post 4-5 or less). Usually though, Sphagnum material should not be
reintroduced on residual sedge peat.

Ten years of restoration practices in North America have shown that
there are three management interventions that are paramount to the suc-
cess of Sphagnum establishment on bare peat surfaces: (1) the active rein-
troduction of plant diaspores?; ( 2) the application of a protective mulch
cover; and (3) the rewetting of the site by a combination of blocking
drainage and field surface preparation (ellipses in Fig. 17.2). For the sites
prone to frost heaving (Groeneveld and Rochefort 2002), phosphorus fer-
tilization is also compulsory. It is currently questioned if fertilization is
needed for all restoration conditions and only long-term monitoring of
projects will determine its necessity.

The following sections describe how the different factors represented
in rectangles in Fig. 17.2 affect the establishment of Sphagnum.

3 Any part of a plant capable of growing as a new plant. This includes seeds and
spores, but also rhizomes, stems, leaves, and branches.
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Fig.17.2. Factors affecting the success of Sphagnum establishment on bare peat sub-
strates. Rectangles represent the factors directly responsible for the success of moss
establishment. Management practices (actions) — absolutely necessary to reestablish
amoss cover when degradation is extreme such as in a cutover peatland - are repre-
sented in ellipses. The dashed-line ellipse represent optional management practices,
specific of each case study, or factors suspected to be compulsory (fertilization) but
still under study. The full-line arrows point to relationships that have often been
demonstrated through several field trials; the dashed-line arrows are relationship
still under study. (Adapted from Rochefort 2000)

17.3.2 Dissemination

It was obvious from the start that natural recolonization of milled peat-
lands is far from sufficient to restore a functional peatland (Salonen 1987;
Desrochers et al. 1998; Bérubé and Lavoie 2000; Campbell et al. 2003;
Lavoie et al. 2003; Fig. 17.3). Plant dispersal by wind to bare peat sites does
not appear to be a problem. Indeed, spores of mosses, particularly Poly-
trichum strictum, seeds of several ericaceous species, notably Kalmia
angustifolia and Rhododendron groenlandicum; and seeds from trees,
mostly Betula spp. and Picea mariana, are easily and abundantly dis-
persed by wind (Soro et al. 1999; Campbell et al. 2000). That is true if the
surrounding edges of the site to be rehabilitated are in a relatively natural
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state and are not dominated by invasive species such as Betula spp. which
then can create a serious barrier to peatland plant dispersal. But usually,
the discrepancies between immigration potential and the actual recolo-
nization for several species suggest that other factors after immigration
control their colonization success. In fact, it resides mostly in their inabil-
ity to germinate, to establish, or to grow to maturity.

But why Sphagnum species are not found at all recolonizing milled peat
surfaces is a key question on the road to successful restoration. A great
part of the solution resides in the fact that Sphagnum spores seem to
require very specific and stable conditions to germinate (Clymo and
Duckett 1986). It is quite easy to get Sphagnum spores to germinate on
bare peat when the peat is at a constant humidity and at 22 °C in a sealed
Petri dish. But to our knowledge, no one has succeeded in germinating
Sphagnum spores in the field. Recolonization is relatively easy with vege-
tative Sphagnum fragments when conditions are created to provide a
favorable growing substrate (Poschlod and Pfadenhauer 1989; Rochefort
et al. 1995). Thus, it was concluded early in the development of a restora-
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tion approach for Sphagnum-dominated peatlands that vegetative Sphag-
num moss material had to be reintroduced to initiate the restoration
process of abandoned milled peatlands. Once a Sphagnum carpet is estab-
lished, it does not appear necessary to introduce other peatland plants as
several will establish themselves from the diaspore bank brought in by the
reintroduced Sphagnum plant material or they will simply immigrate
from the residual fragments surrounding the restoration site and germi-
nate. The usual biodiversity of the peatland might not be completely
restored by this restoration approach, but only the long-term monitoring
of restored sites will reveal if further actions are necessary.

17.3.3 Microclimate

The extreme microclimate of the bare peat surface is one of the main fac-
tors prohibiting the successful restoration of postharvested bogs. Owing
to low conductivity, absence of shade, and temporary aridity, surface tem-
perature can reach over 70 °C on bare peat surfaces, effectively disabling
the establishment and recolonization of bog species (Sliva 1998). The
microclimate conditions at the air-peat interface seem to be more impor-
tant when the mosses are growing as isolated plants spread over the field
than when growing as a uniform cover of Sphagnum carpets in undam-
aged bogs (Grosvernier et al. 1995) or in well self-recovered peat block-
cutting pits (Lode 2001).

Laboratory trials have established that regenerating Sphagnum frag-
ments can survive lengthy periods without a supply of water, despite the
fact that they are wetland plants with little mechanism of water retention
or water transport. In a study on desiccation tolerance, Sagot and
Rochefort (1996) isolated Sphagnum fragments and left them to air dry
(average temperature of 21 °C, average relative humidity, RH, of 60 %) for
periods up to 61 days and then placed them in culture (for 8 weeks) in
Petri dishes with nutrient solutions to determine their survival rate. The
three species tested (Sphagnum fuscum, S. fallax, and S. magellanicum)
survived quite well for periods of desiccation lasting up to 14 days, after
which a sharp decline in survival was evident. But if the temperature was
increased to a constant 30 or 40 °C, it appeared that most species could not
survive 2 days of desiccation (six species tested; Sagot and Rochefort
1996). In fact, the ability of Sphagnum fragments to tolerate desiccation is
directly dependent on the RH of the air to which they are exposed
(Rochefort, unpublished data). At 14 % RH with an air temperature of
21 °C, survival of Sphagnum fragments without capitula was zero after
12 h. When the air RH was maintained at 76 %, the Sphagnum fragments
could tolerate 3 days without a supply of water. At 94% RH, two of the
species tested could survive 28 days of no watering. In conclusion, Sphag-
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num fragments can survive and regenerate despite periods of several days
without rain in conditions of temperature and RH averaging 21 °C and
60 %. Consequently, if a higher temperature of the residual peat surface is
experienced, fragments will need to have an environment of greater RH.
Abandoned peat surface conditions (in terms of temperature and RH) are
known to exceed the conditions needed for the survival of Sphagnum
fragments for a long period without rain (Price et al. 1998). It is thus
imperative to use a protective device that gives preference to the survival
and establishment of Sphagnum mosses.

The use of natural or artificial mulch is a management practice largely
in use in agriculture to decrease the thermal variation of soil and to
reduce evaporation (Rosenberg et al. 1983; Enz et al. 1988). A wide array of
“mulching” material has been tested in peatland restoration (Rochefort
2001): polyethylene plastic cover, plastic material usually used for making
snow fences, greenhouse shading screen, straw mulch, and root residues
rejected by the peat screening process when baling peat. Even if in most
cases moss fragments did establish themselves better under a cover rather
than under no cover, the results varied greatly in efficiency between the
material types used for protection. After several trials and a few years of
monitoring the recovery success of different protecting materials, straw
mulch proved to be the most effective protection through reducing day
temperature, reducing evaporation losses, and improving soil moisture
and pore water pressure (Price et al. 1998, 2003; Fig. 17.4, Table 17.2). Not
only did it improve the regenerating conditions for the mosses, but it also
proved to be the most economical solution.

The use of mulch might well provide a favorable humid microclimate
for the mosses but it also reduces the quantity of incident light that is
needed for photosynthesis and growth. Again, the requirement for light in
the habitat niche might be quite different from that in the regeneration
niche, especially when the moss is reintroduced as fragments. Experi-
ments conducted in growth chambers and greenhouses (Rochefort 2001)
showed that there is a decrease in Sphagnum regeneration from fragments
only when light is cut by 80 % or more. Thus, it is possible that the poten-
tial negative effect of reducing incident light is more than counterbal-
anced by the amelioration of RH for the regeneration of the Sphagnum
mosses. In fact, the photosynthetic capacity of Sphagnum mosses is
reduced when incident light was found to be greater than 175 W m~2 (pho-
toinhibition; Murray et al. 1993). Thus, the reduction of light by the straw
mulch could also be beneficial, but this hypothesis remains to be tested.

Microclimate conditions for Sphagnum recolonization of bare peat sur-
faces can also be improved by the use of companion species (Grosvernier
et al. 1995; Boudreau and Rochefort 1999; Tuittila et al. 2000). Vascular
plants, such as the ericaceous shrubs or Eriophorum species, used to pro-
mote moss establishment could be interesting. One must keep in mind
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that ericaceous shrubs are slow to propagate and to grow and Eriophorum
species can be invasive and totally cover the ground. A better knowledge
of their propagation and population development will be needed before
they can be used effectively, although some light is now being shed in the
population dynamics of Eriophorum spissum on abandoned peatlands
(Lavoie et al. 2005a, b). Furthermore, vascular plants can enhance evapo-
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Table 17.2. Average daily net radiation (Q*), ground (Q,) and latent heat (Q,) flux
(W m-2), and evaporation (E, mm) from a bare peat surface, and a similar surface
covered with straw mulch (2,250 kg ha-!). Measurements are from Lac St. Jean peat-
land, Quebec, Canada, between June and October 1995. (Adapted from Price et al.
2003)

Q* Q, Q. E
Bare peat 128.2 16.4 88.3 3.1
Mulch covered 112.0 2.2 74.2 2.6

rative losses from a site (Lafleur 1990; Spieksma et al. 1997) but water
losses are from deeper in the peat profile; thus, Sphagnum mosses might
access water directly from the surface of the bare peat in addition to direct
precipitation (Price et al. 2003). In counterpart, mosses such as Poly-
trichum strictum or Campylopus introflexus (introduced in Ireland) are
promising nursing plants (Groeneveld and Rochefort 2002). Polytrichum
fragments or Polytrichum carpets can improve the microclimate over a
cutover peat surface (Groeneveld and Rochefort 2005) and the survival of
surrogate seedlings but the direct nursing effect to directly help Sphag-
num establishment remains to be tested.

Similar to the restoration of Sphagnum-dominated peatlands, amelio-
ration of microclimatic conditions at the air-peat interface also seems to
be important for restoration of fens when plant reintroduction approach
is used. A first attempt to fen restoration with Sphagna and brown mosses
was done by reintroducing two different types of fen vegetation in combi-
nation with straw mulch on sedge peat (Cobbaert et al. 2004). Vegetation
from natural fens was introduced as a donor diaspore bank, containing
seeds, rhizomes, moss fragments, and other plant propagules. Two natural
fens were chosen with contrasting vegetation types: one was dominated
by mosses (S. centrale and S. flexuosum species), the other was dominated
by vascular plants (Calamagrostis canadensis). Even though there were
problems to fully rewet the experimental site, the application of straw
mulch improved the establishment success of the fen vegetation. It can be
suspected that this was through the amelioration of growing conditions at
the air-peat interface as for Sphagnum cutover peatlands.

17.3.4 Hydrology

In peatland management, it might appear easy to reverse the effects of
drainage by simply rewetting. In reality, new soil profile conditions have
developed after peat utilization, and these differ significantly from the
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natural mire soil profile of any former developmental stage (Price et al.
2003). Therefore, restoration actions, especially after peat cutting or agri-
cultural management, should consider the restoration site as a new envi-
ronment with new physical properties, especially on the upper layer of the
soil column.

Starting conditions for peatland restoration are influenced by the his-
torical management of the site and by the stratigraphy of the mire massif
before human activities started. Since water is one of the main prerequi-
sites for the development of peatlands (Chap. 13), further development of
the ecosystem after restoration will be greatly influenced by two of the
fundamental physical properties of the peat — porosity and hydraulic con-
ductivity. Values of both porosity and hydraulic conductivity usually have
a decreasing trend from the upper peat massif layers toward the bottom
layers. This is correlated with the higher decomposition state of the vege-
tation debris. In most peatland areas, the bottom peat or gyttja layers act
as a water seal against the underlying mineral deposits. Thus, two differ-
ent aquifers are created — an upper one with free water influenced by
atmospheric pressure and a lower one with water at a pressure greater
than atmospheric pressure (Franzen 1985). The distribution of different
porosity and hydraulic conductivity within the peat determines the water
movement through the peat layer. The drained and cutaway peat massif
surface therefore reflects the earlier peat hydrophysical conditions and the
later degraded (by shrinkage, compaction, and oxidation) peat at the
upper part of the remnant surface layer. Owing to increased mineraliza-
tion, the decomposition of the peat is higher and water permeability prop-
erties lower; therefore the water table sinks far below the peat surface,
especially in dry periods of the year. The supply of moisture for peat-moss
growth is insufficient, which makes the substrate often unsuitable for the
growth of raised bog plants (Streefkerk and Casparie 1989; Eggelsmann et
al. 1993; van Seters and Price 2002; Kennedy and Price 2004). Finally, in
cutover mires some of the hydrophysical attributes of the original mire are
irreversibly altered (Eggelsmann et al. 1993; Schlotzhauer and Price 1999).

Here it is important to keep in mind that in natural peatlands, Sphag-
num mosses are adapted to grow on dead, but essentially undecomposed
versions of themselves. The high water storage imparted by these loosely
packed, and poorly or undecomposed mosses, maintains a high and stable
water table, so only a relatively small capillary rise is necessary to ensure
an adequate moisture supply to the growing part of the plant. The Sphag-
num carpet can only generate relatively weak capillary pressures within
the intracellular spaces (hyaline cells) and intercellular pores (between
branches and leaves of adjacent plants). Hayward and Clymo (1982) found
that drainage of hyaline cells in Sphagnum occurred when the pore-water
pressure is below about -100 mbar. The corollary of this is that Sphagnum
plants are unable to withdraw moisture from a substrate where the pore-
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water pressure is lower than —100 mb. Several measurements done on ter-
minated peat cuttings at different sites in different years reveal conditions
of pore-water pressure of less than -100 mbar (-355 mbar in Price 1997;
-170 mbar in Price and Whitehead 2001) to the extent that water manage-
ment measures are as necessary as plant reintroduction to alleviate the
problem of poor regeneration or germination and mulching to improve
microclimate growing conditions (Price et al. 2003).

Hydrological conditions for restoration can be approximated from the
study of old block peat cutting sites. A study of the vegetation-water—soil
relationships in block peat cuttings in Sweden that were left to sponta-
neous recolonization in the last 30-50 years revealed the primary impor-
tance of water inundation depths and water regulation intensities in the
development of different plant communities (Lode 2001). It was found
that sites with reestablished (1) Sphagnum species (Sphagnum carpet)
had a large range of average inundation water depths (from 0.2 to 1.0 m
above the soil surface), along with small annual water level fluctuations
around the year, standard deviation, SD, 1.2-2.6, (2) E. vaginatum had on
average lower inundation levels (up to 25 cm), but more fluctuating water
levels (SD 3.7-4.8), and (3) dwarf shrubs, Pinus sylvestris, and Betula
pubescens accompanied by E. vaginatum had as a rule average ground-
water level around 4-20 cm below the peat soil surface, with a relatively
larger fluctuation of the water table (SD 2.3-6.9). The poorly revegetated
sites had a deeper water table of 50-60 cm and a strongly fluctuating
water level (SD 12-19), as a result of the functioning drainage. When the
average groundwater depth was 6 cm below the surface with correspond-
ing SDs of 4.5 the surface remained “muddy” owing to soil surface freez-
ing and swelling events in autumn and spring, impeding young plant
establishment.

The work of McNeil and Waddington (2003) in block peat cuttings in
Canada also emphasizes the importance of limiting water fluctuations in
restoration sites. Indeed, they found that drying and wetting cycles nega-
tively affect Sphagnum net primary production and net ecosystem CO,
exchange. Sphagnum and peat respiration increased 4-14-fold upon
rewetting, whereas Sphagnum photosynthesis did not recover until
20 days of saturation. In conclusion, they suggest that restoration tech-
niques should include the establishment of companion species to help the
newly Sphagnum cushions to survive while a proper acrotelm, which will
in turn regulate water fluctuations, is being formed.

In conclusion, milled landscapes were designed (cambered surfaces) to
efficiently shed surface water quickly with usually little variation in topog-
raphy over extensive areas. Furthermore, with the repeated passages of
heavy machinery to extract peat, the residual peat profile is strongly com-
pressed, and dries quickly, which then impedes the capillary water flow to
the surface and to any establishing Sphagnum propagules. In short, the
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Table 17.3. Changes to water table, soil moisture at -2 cm, and water tension at -1 cm
in basins vs. flat restored surfaces. Measurements are from Lac St. Jean peatland,
Quebec, Canada. (Adapted from Price et al. 2002)

Water table (cm) Soil moisture Tension (cm)
(ecm? cm™3)

Control (flat surface) -27.5+13.2(-30.2)  0.67+0.07 (0.65) -26.4+19.3 (-25.7)

20-m basin -0.3%£10.3 (1.2) ND ND

10-m basin ~19.2411.4 (-19.2)  0.80+0.05 (0.72) -15.449.3 (~15.5)2
4-m basin ~16.1£12.1 (-16.5)  0.78+0.06 (0.71) —-8.2+11.7 (=7.4)
Mulch covered -17.8410.5 (-18.6) ND -13.5+11.0 (-13.5)

Values are means + standard deviation, with medians in parentheses, collected daily
between May and August 1996

ND data for this variable were not collected at this location.

@ Data missing but generated by regression (r?=0.92)

residual peat profile of milled extracted area is a harsher environment for
spontaneous recolonization than the former block cutting method.

Site preparation for restoration of milled peatlands frequently involves
the construction of berms or shallow basins to enhance peat moisture
content (Wheeler and Shaw 1995; Farrell and Doyle 2003; Price et al. 2003;
Table 17.3). As a consequence, Sphagnum reintroduced within restored
areas may be subject to extended periods of flooding, particularly follow-
ing snowmelt or heavy rainfall. Different Sphagnum species were tested to
evaluate the effect of flooding on their growth and development
(Rochefort et al. 2002). It was found that Sphagnum can physiologically
tolerate and even benefit from shallow temporary flooding. Areas that
tend to be temporarily flooded (lower depressions, downslope ends of
sites) are also often the same areas that tend to stay wetter throughout the
growing season. In such areas, establishment of reintroduced Sphagnum
will be enhanced, as establishment success is strongly linked to the level of
humidity at the peat surface during summer (Price and Whitehead 2001;
Girard et al. 2002). However, it must be underlined that flooding is by no
means an absolute necessity for Sphagnum establishment. On the con-
trary, severe or lengthy flooding in the field, and even limited flooding of
unstabilized fine peat, can lead to erosion and peat deposition, that in turn
retard or impede vegetation establishment (Quinty and Rochefort 2000;
Faubert and Rochefort 2002). Thus, for successful Sphagnum establish-
ment, a fine balance between rewetting and substrate stability must be
found.
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17.3.5 Peat Stability and Quality
17.3.5.1 Erosion

In addition to microclimate, substrate instability has been suggested as
one of the potential barriers to natural recolonization of bare milled peat
surfaces (Rochefort 2000). But compared with hydrology and microcli-
mate, the role of peat surface stability in Sphagnum establishment has
received scant attention. Peatlands for commercial uses need to be drained
to allow the extraction of peat. After drainage has ceased, subsidence of
these peatlands continues (Price and Schlotzhauer 1999). This subsidence
is usually attributed to shrinkage, compression, and biochemical oxida-
tion of the peat (Schothorst 1997) but wind erosion has been suspected to
play a role as well (McNeil et al. 2000; Campbell 2002).

According to Eggelsmann et al. (1993), drainage and the resulting dry-
ing of the peat causes the coherent peat matrix to break down into struc-
tural units of aggregates. Although peat fibers or peat-derived aggregates
are very stable and resist physically disruptive process such as ploughing,
they are light in weight and therefore up to diameters of 0.5-2 mm they
could be very susceptible to wind erosion. Campbell et al. (2002) have
found that wind erosion during summers is not an important cause of
subsidence in milled peatlands as was previously suspected. This is attrib-
uted to the crusting of the surface that makes the bare peat surfaces very
resistant to wind erosion and may impede diaspore germination. This is
the reason why if an extensive peat surface has been abandoned for a long
time before a restorative intervention, it is recommended to refresh the
surface by breaking up the crust. The scraping of the peat surface facili-
tates the contact between diaspores and the substrate.

Shrinkage is another component of drained peat erosion and takes
place in peat surfaces as a result of high rates of evaporation (Heathwaite
et al. 1993).In warm and dry periods, cracks or fissures may appear in the
peat surface. These may be up to 15-cm wide and over 0.5-m deep and
have height losses of 10-30 cm (Eggelsmann et al. 1993). From the experi-
ence of agricultural use of peatlands, lost of peat due to mineralization can
reach up to 30 mm year-! in humid regions, and in fen types mineraliza-
tion can be much greater than in raised bogs (Heathwaite et al. 1993).In a
cutover peatland in eastern Canada, the loss was estimated to be
6 mm year~! (Waddington and McNeil 2002). In agriculture, the ground-
water levels are perched to minimize the losses caused by mineralization;
likewise high water levels should be maintained in cutover peatlands to
impede oxidation.

Shrinkage, mineralization, wind erosion, and peat surface fires typi-
cally occur in the dry seasons of the year, whereas water-derived erosion
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Fig.17.5. Example of a large-scale restored surface prepared with small basins. (Pho-
tograph taken by Jacques Gagnon)

occurs during intensive rain periods or flooding seasons after the winter
snowmelt. Water erosion can be quite disruptive on recently restored sites
(Quinty and Rochefort 2000). Compartmentalization of extensive bare
peat areas or the creation of shallow basins can be effective in controlling
sites prone to water erosion (Fig. 17.5).

17.3.5.2 Frost Heaving

Surfaces of milled peatlands often show an initial bumpy appearance in
the spring that gets smoother with time as the summer season advances
(Campbell et al. 2002). These surface irregularities appear largely con-
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nected to frost heaving (Quinty and Rochefort 2000; Fig. 17.6a). Groen-
eveld and Rochefort (2002) gave a description of the problem of frost
heaving in cutover peatlands (Fig. 17.6b) and an array of means by which
it can be diminished. Unforeseen in earlier work on peatland restoration,
frost-heaving problems were exacerbated by the rewetting of former
drained peatlands. As most peatlands are located in the boreal and tem-

Fig.17.6. a Extensive effect of frost heaving in an Estonian peatland (Viiru bog) after
several years of no harvesting activities. b Ice-needle formation within peat. (a Pho-
tograph taken by Edgard Karofeld; b photograph taken by Ian Roul)
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perate zone (Lappalainen 1996) that experiences freezing weather, peat
substrate instability caused by frost heaving might be among the main
factors impeding total success of restoration projects. Field experiments
were used to determine the effectiveness of straw mulch or the use of the
moss Polytrichum strictum against frost heaving (Groeneveld and
Rochefort 2005). Wooden dowels and seedlings of fir trees placed in a
Polytrichum strictum carpet experienced almost no frost heaving, whereas
heaving was severe on bare peat (up to 6 cm; Fig. 17.7). Straw mulch, a pro-
tective cover recommended in peatland restoration to protect Sphagnum
diaspores against desiccation, effectively reduced heaving in the fall, but
was less effective in the spring because it had partially decomposed. The
Polytrichum carpet and the straw mulch reduced frost heaving by reduc-
ing the number of freeze-thaw cycles, by slowing the rate of ground thaw
in the spring, and by reducing the unfrozen water content of the peat dur-
ing the spring thaw. From these experiments, we suspect that Polytrichum

3.0
a) Dowels, fall

2.5 - a

2.0 1

1.5 - [se

1.0 a
_ 0.5 - a a .
E [ — b
S 00 . . —_——
S 5 - Carpet Fragments Absent
£
[
2
s [ No straw
S
2 301 M Straw
8 b) Fir trees, fall a
o 2.5 4
>

2.0

1.5 Ise

a
1.0
0.5 a 0
-9 ] a
. >
0.0 T T 1
Carpet Fragments Absent

Level of Polytrichum

Fig. 17.7. Vertical displacement of dowels and fir trees in spring 2001 (10 months of
cumulative frost heave from 24 August 2000 to 29 May 2001) due to frost heaving on
an abandoned vacuum-harvested bog, Premier St-Laurent, Riviére-du-Loup, Que-
bec. (Adapted from Groeneveld and Rochefort 2005)
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strictum could potentially be a good nursing plant for the Sphagnum frag-
ments, not only in terms of stabilizing the peat surface, but also in helping
to ameliorate the microclimate at the peat surface. The extent of competi-
tion between Polytrichum strictum and its benefactor plant, Sphagnum,
remains unclear at this time. An interesting question is: Under what con-
ditions does Polytrichum strictum enhance the establishment of Sphag-
num, and under what conditions does competition negate the positive
facilitation? Further research is needed.

17.3.6 Species Interactions

Much of the effort done in peatland restoration has been to evaluate
Sphagnum establishment success in relation to abiotic factors (Chap. 4).
Biotic interaction studies are just beginning as the implementation of
large-scale restoration projects was needed to assess plant species interac-
tions on vegetation establishment success and biodiversity.

In Europe, cotton grass (E. vaginatum) has been found to facilitate the
establishment of other bog plant species in mined bogs (Matthey 1996;
Tuitilla et al. 2000), but detailed studies conducted in North America by
Lavoie et al. (2005a, b) did not provide evidence for the facilitation
hypothesis. The presence of mosses or liverworts was more associated
with favorable hydrological conditions than with the presence of cotton-
grass cover (Fig. 17.8). Also to be noted from Fig. 17.8 is the decline in the
number of cotton-grass tussocks, which is surprising given their potential
long-lived tussocks and their many characteristics facilitating their inva-
sion on bare peat (Lavoie et al. 2005a). We now know that with only mini-
mal water management, it is possible to induce a rapid cotton-grass inva-
sion on an abandoned milled peatland (Lavoie et al. 2005b); but once a
cotton-grass cover is established it can take 60-600 years before it is suc-
ceeded by a Sphagnum-dominated community or other wetland vegeta-
tion types (Buttler et al. 1996; Hughes and Cymayne-Peaty 2002). Thus, if
one has in mind a restoration goal of reestablishing a Sphagum plant cover
within5 years, use of cotton grass is not a suitable restoration option as the
minimal water management option using cotton-grass invasion is not
suitable for a short to midterm basis (less than 100 years). But in countries
where a natural source of Sphagnum diaspores is not readily available, cot-
ton-grass invasions might represent a suitable restoration option.

Little is known about moss interactions. During the establishment
phase, does the reintroduction of several Sphagnum species together ben-
efit the biodiversity of the carpet or does it help the establishment of recal-
citrant Sphagnum species (as noted for S. magellanicum; L. Rochefort, per-
sonal observation)? Or does it negatively impact the establishment
success rate because of competition for resources? For answers, a long-
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Fig. 17.8. Monitoring of the cover of Eriophorum vaginatum L. and Polytrichum
strictum Brid. in a 10 m x 20 m quadrat installed in a 14-year-old abandoned vac-
uum-milled site over a 5-year period. See Lavoie et al. (2005a) for more details

term experiment was established in an abandoned milled peat field by
Chirino and Rochefort (2000) in 1998 to assess the establishment capabil-
ities of four species of Sphagnum: S. fuscum, S. rubellum, S. magellanicum,
and S. angustifolium. The reintroductions were done on single species or
multiple-species combinations in nine treatments. Most percentage com-
binations with ratios of 100, 50:50, 50:25:25, or 25:25:25:25 were applied in
experimental plots of 30 m?in area. This was repeated six times and the
development of the carpet was monitored for 4 years. It was found that
S. fuscum and S. rubellum are two widespread species that easily recolo-
nize bare peat substrates and show good success of establishment, be it in
monospecific or plurispecific reintroductions. It was also found that a
species like S. magellanicum had a greater establishment rate in the pres-
ence of S. fuscum or S. rubellum than when reintroduced in a monospe-
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cific carpet. This result is interesting because if one aims to favor the
establishment of a species from the section Sphagnum then plurispecific
reintroductions including species from the section Acutifolia should be
considered. These conclusions were reached during the early development
of the moss carpet. Continued monitoring is necessary to follow the evo-
lution and specific interactions of completely closed carpets to determine
the long-term establishment success.

17.3.7 Climatic Conditions

A similar long-term experiment was done to study the responses of spe-
cific Sphagnum species and their morphological structure in relation to
interannual variations in climate (Chirino et al. 2006). In order to compare
results under a variety of climatic conditions, the whole experimental set-
ting as described earlier was repeated four times (trials), i.e., repeated in
the springs of 1995, 1996, 1997, and 1998 with a 4-year follow-up for each
trial. The establishment rate of the moss carpet varied according to the
year, in response to climatic variations between growing seasons. Climate
in the reintroduction year was particularly important in determining the
long-term establishment success, mostly in terms of rainfall distribution
over the growing season. The relative success of different moss species and
combination of species, however, did not vary within or between trials.
Thus, the species and combinations of species resulting in the highest
short-term or long-term establishment rates remained the same for all tri-
als, independent of the climatic conditions at the time of reintroduction
and the season of growth. Our results showed no link between the number
of species in the Sphagnum reintroduction mixture and successful estab-
lishment of the moss carpet. Yet successful regeneration was clearly influ-
enced by the identity of the species chosen for reintroduction. S. fuscum,
alone or in combination, was the species found to lead to the most exten-
sive development of the moss carpet under the conditions tested.

17.4 Overview of Restoration Practices

Practical considerations for implementing restoration projects on a large
scale have been well described by several reviews: Wheeler and Shaw
(1995); Brooks and Stoneman (1997); Dupieux (1998); Blankenburg and
Tonnis (2004); Schouten (2002); and Quinty and Rochefort (2003).

Thus, for this section, only general guidelines that can be applied to any
peatland restoration project will be discussed.
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17.4.1 Planning

Any restoration project should begin with the preparation of a restoration
plan to make sure that the right options and timeframe are set up. Plan-
ning and design considerations are key elements in the success of restora-
tion as it is essential to set the appropriate goal and objectives; it allows
greater efficiency in conducting the operations and it contributes largely
to the cost reduction of restoration. A good restoration plan should have
two different components: site conditions, goals, and objectives and plan-
ning restoration operations.

Identification of the conditions of the site is a necessary step because
site characteristics dictate the correct goal to be achieved: restoration or
reclamation. The second step consists of defining the operations that need
to be done, planning resources and time required, setting up a schedule,
and evaluating costs. This information should include the following ele-
ments: site characteristics prior to peat extraction; hydrologic environ-
ment; topography; peat characteristics; chemical aspects; existing vegeta-
tion of the restoration site; surrounding landscape; setting the right goal;
setting the right objectives; identification of a donor site (source of plant
material to be reintroduced); identification of a reference site; identifica-
tion of a nonrestored section (optional); and monitoring protocol.

The overall water budget should be evaluated to see if primary positive
moisture conditions still exist, mostly for the case of Sphagnum peatland
development. A hydrological approach as used by van Seters and Price
(2001, 2002) should provide useful clues on restoration potential, mostly
when peatlands are at the limits of their normal climatic distribution. For
example, it might prove quite difficult to restore a Sphagnum-dominated
peatland located at the edge between the prairies and the boreal forest in
North America in the context of global warming. In such a case, reclama-
tion may be a more appropriate goal, and this should be known from the
beginning.

To prepare functional restoration goals, a reference ecosystem should
be described as the model for planning the project, and should later serve
in the evaluation of the project. Typically, the reference represents a point
of advanced development that lies somewhere along the intended trajec-
tory of the restoration (Society for Ecological Restoration Science, Policy
Working Group 2004). In other words, the restored ecosystem is eventu-
ally expected to emulate the attributes of the reference, and project goals
and strategies are developed in light of that expectation. The reference can
consist of one or several specified locations that contain model ecosys-
tems, written descriptions, or a combination of both. The value of the ref-
erence increases with the amount of information it contains, but every
inventory is compromised by limitations of time and funding. Minimally,
a baseline ecological inventory describes the salient attributes of the abi-
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otic environment and important aspects of biodiversity such as species
composition and community structure. In addition, it identifies the nor-
mal periodic stress events that maintain ecosystem integrity (Society for
Ecological Restoration Science, Policy Working Group 2004). With peat-
land ecosystems, paleoecology can also be a useful tool to define the refer-
ence ecosystem (Lavoie et al 2001; Gorham and Rochefort 2003).

The amount of work for this planning stage depends on the restoration
starting conditions, and the agreed restoration end option. In many cases,
financial limitations are the main factor influencing the measures planned
and consequently the intensity of preparatory work. A good-quality
preparatory plan should include both desk and laboratory work (litera-
ture search, climatic and hydrological data compilations, chemical analy-
ses, computer mapping) and field work.

17.4.2 Surface Preparation

The preparation of an abandoned bare peat surface for restoration has
two main purposes. One is to remove the surface crust that might have
formed between the time that the extracting activities ceased and the start
of the restoration project (Fig. 17.9a). A fresh peat surface will allow better
contact between the newly reintroduced plant diaspores and the peat sub-
strate as well as greater access to the soil moisture, particularly for mosses
that can gain their moisture from the soil only by capillarity, because they
have no roots. The second one is to prepare the surface to increase water
availability and its distribution over the site to favor the establishment of
the Sphagnum fragments.

As discussed in Sects. 17.3.3 and 17.3.4, water availability is preponder-
ant in peatland restoration. As peat-extracted peatlands have lost their
natural ability to store water and regulate water table fluctuation, manage-
ment procedures must be undertaken to reduce water losses and to pro-
vide a water supply to Sphagnum and other introduced plants. To achieve
these goals, two types of action can be undertaken: (1) redesign the sur-
face topography and (2) blockage of the former drainage system
(Fig. 17.2). Blocking the former drainage system is a necessary action
(Money 1995; Rochefort 2001) as illustrated in Fig. 17.2 by the ellipse.
Blocking drainage should be done only at the end of all the restoration
actions to make sure that the site can support the repeated passage of
machinery to the end of the restoration project. The step of blocking
drainage will be discussed later.

Surface preparation includes an array of actions that can help to
improve site conditions, but the implementation of any surface manage-
ment needs to be decided on a case-by-case basis. If a site is naturally well
supplied with water, either by an artesian aquifer or by an oceanic climate,

Ecological Studies Vol 188, page proofs as of 04/21 by Kréner, HD




Ecological Studies Vol 188, page proofs as of 04/21 by Kréner, HD

Restoration of Degraded Boreal Peatlands 407

Restoration in 6 steps
A. Site

preparation: crust removal and bunding
7 e

Fig. 17.9. The six main mechanical steps proposed for successful restoration of
milled harvested peatlands. (Photographs taken by Peatland Ecology Research
Group, PERG)

surface preparation might not be needed much as illustrated by the dis-
continuous ellipse in Fig. 17.2, but this remains to be better substantiated.
Among the options for surface preparation, there are (1) the reprofiling of
peat fields to favor a better distribution of water (Bugnon et al. 1997); (2)
the filling of ditches where convenient to facilitate the work of the machin-
ery; (3) the building of peripheral berms to retain water in situ or act as a
windbreak; (4) the building of berms across the slope or chessboard-like
berms and the creation of shallow basins (Price et al. 2002,2003; Campeau
et al. 2004) that on top of acting as options 1 and 3 will prevent flooding
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over large areas and remove loose peat surface and crust; and (5) the
removal of existing vegetation to reduce evapotranspiration and plant
competition and to facilitate the work with machinery.

Further rationales for surface preparation options can be found in
Wheeler and Shaw (1995), Quinty and Rochefort (2003), and Price et al.
(2003).

17.4.3 Plant Material Choice and Spreading

Active introduction of plants is done when one wants to accelerate the for-
mation of a new plant carpet. The most important feature of this plant car-
pet is the presence of Sphagnum mosses, which are largely responsible for
the unique characteristics of peat bogs and for the accumulation of peat.
Thus, the plant material that is introduced must contain an important
fraction of Sphagnum. Species from the Acutifolia group such as S. fuscum
or S. rubellum are among the best species tested so far (Rochefort et al.
2002) along with other mosses like Polytrichum that can contribute sub-
stantially to the success of restoration because Sphagnum mosses are poor
primary colonizers. The quality of plant material in terms of plant species
is a major factor responsible for the success of restoration. A site domi-
nated by these plants is the best source for acquiring replacement mater-
ial, while a site lacking Sphagnum should be discarded. The most practical
and abundant source of peat bog plant diaspores is a bog itself, but there
is ongoing research to develop Sphagnum “farms” to produce Sphagnum
diaspores for restoration that would be very useful for countries where
mires are not abundant (Joosten 1998; Campeau and Rochefort 2002;
Gaudig and Joosten 2002). Ideally, plant material is collected near the site
to be restored in order to minimize transportation and differences in pop-
ulation genetics from out-of-region donor sites.

In North America, natural remnants of harvested peatlands or small
peat bogs are commonly available and accessible at short distances from
restoration sites. Collection of plants consists essentially in shredding the
surface vegetation and in picking it up (Fig. 17.9b). This plant material will
be spread over the restoration site to form a new plant carpet. Collection
of plants, when done properly, allows rapid recovery of donor sites and
does not result in permanent damage (Rochefort and Campeau 2002).

The quantity of plant material to be used for restoration was deter-
mined experimentally in order to ensure rapid establishment of new plant
carpets on the restored site, minimize the amount of work required for
plant collection and transportation, and minimize impacts to natural
sites.

The quantity of plant material for reintroduction is generally reported
as a ratio of the area of the collection site to the area of the site to be
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restored. A ratio of 1:10-1:15 is suggested, i.e., the donor site is 10 or
15 times smaller than the area to be restored when harvested on a 6-10-
cm-thick surface layer (Campeau and Rochefort 1996). Collecting only the
top 5-10 cm of the surface vegetation has the advantage of favoring a
rapid recovery of donor sites (Rochefort 2001). During the collection
process, the plant material must be shredded to an ideal fragment size
between 1 and 3 cm. If worked properly, a donor site could be used more
than once on a sustainable basis.

Well-loosened fragments spread better and regenerate more success-
fully as they make better contact with the substrate. The root system of
shrubs and sedges stays in place and moss fragments that are left behind
can regenerate easily. Theoretically when spreading in the field, plant dias-
pores should cover the ground but not overlap. Some sedge and shrub
diaspores will occur in the collected material along with the moss species
and help to more quickly rehabilitate the biodiversity typical of peatlands.

The choice of donor sites should always minimize impacts to pristine
sites. Whenever possible, plants should be collected on fields that are
being opened for future extraction activities. Plant material of peatlands
that are condemned for industrial or agricultural development should be
saved for restoration projects.

Once the plants have been shredded with the help of a rotovator
(Fig. 17.9b), picked up (Fig. 17.9b), and transported to the restoration site,
moss fragments are spread using a standard box manure spreader
(Fig. 17.9 ¢). Biologically, Sphagnum moss appears to have a lower poten-
tial of regeneration in midsummer than in spring or fall (Rochefort 2001);
however this is unlikely to affect the restoration success of very wet sites as
a moist substrate and a microclimate appear to be much more prevalent
influencing factors. The use of heavy manure spreaders should be avoided
when the ground is too soft because the machines leave deep tracks. The
creation of this type of surface microtopography has proven to be detri-
mental to Sphagnum establishment (Price et al. 1998).

17.4.4 Diaspore Protection

Once spread on the bare peat surface, plant fragments are exposed to the
sun and wind and they dry rapidly (Sagot and Rochefort 1996); hence, it is
imperative to protect the newly reintroduced diaspores as soon as possi-
ble.

For peatland restoration on sites where peat instability does not appear
to be a problem, the use of straw mulch alone should be sufficient
(Fig. 17.9d). However, on those sites where instability is a severe problem,
straw alone is not the best option. Its effect is short term, as it decomposes
rapidly, seriously decreasing in efficiency after 1 year of application and
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being close to nil after 2 years. In these cases, the uses of a pioneer plants
such as Polytrichum strictum, with better stabilizing capacities, become an
interesting addition to restoration techniques (Groeneveld and Rochefort
2005). Straw mulch is still considered necessary, as it takes at least two
growing seasons for Polytrichum strictum carpets to reach an appreciable
size, and it also enhances the Polytrichum establishment.

Many other covers aimed at protecting the reintroduced Sphagnum
fragments have been considered and tested experimentally (Rochefort
2001): clear plastic cover as used in agriculture, shading screens (Bastien
1996), plastic nets used as snow fences or construction fences of different
porosity (Quinty and Rochefort 1997), root “mulch” supplied by the
screening process when baling peat, ericaceous or Eriophorum compan-
ion species (Boudreau and Rochefort 1999), and commercial mulch such
as Curlex and Eromat. Among them, the use of straw mulch was always
more efficient in Sphagnum establishment success and proved to be the
most economical option. Visually, an efficient spreading of straw mulch is
when it is thick enough to create an air layer, but allows light to pass
through and reach plant fragments.

17.4.5 Fertilization

Fertilization aims at facilitating plant establishment (Fig. 17.9e). In
restoration experiments, it was shown that phosphorus fertilization
increases the development and spreading of mosses like Polytrichum stric-
tum (Sottocornola et al. 2002). This moss in turn is suspected to provide
suitable conditions for the establishment and growth of Sphagnum frag-
ments. Rapid colonization of bare peat substrate by Polytrichum strictum
also helps to decrease or prevent damage caused by erosion and frost
heaving phenomena. In addition to favoring mosses such as Polytrichum
strictum, phosphorus application may help the germination and establish-
ment of several vascular plant species typical of peatlands (Sottocornola
et al. 2002). Phosphorus fertilization is a factor that plays a role in the suc-
cess of plant establishment, but its usefulness still remains to be properly
assessed against the drawback of favoring the growth of nonpeatland
plant species. So far, the benefits appear to exceed the drawbacks.

17.4.6 Blocking Drainage and Rewetting

The objective of blocking drainage is to essentially keep water within the
restoration site and also to improve the distribution of water. This action
is done last, once all other restoration steps have been completed, in order
to facilitate the circulation of machinery over the site (Fig. 17.9f). Still it is
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one of the essential actions (Fig. 17.2) without which Sphagnum will not
be established. Wet humified peat cab be used to make the most efficient
and impervious dams. Different experiments done within the Peatland
Ecology Research Group (http://www.gret-perg.ulaval.ca) have shown
repetitively the synergic effect of mulching and blocking drainage and
now no further trials are done without applying these two restoration
practices.

Besides blocking the drainage, many other treatments aiming at sup-
plying water to the Sphagnum fragments and impeding desiccation have
been tested: sprinkler irrigation, pumping water into irrigation ditches,
windbreaks to retain snow on the restoration site, and surface inundation
distributed by a perforated PVC pipes. All these management practices
proved to be equal to mulching or did not significantly improve the Sphag-
num establishment rate if applied in combination with mulching
(Rochefort 2001). As they were costly to implement, mulching and block-
ing drainage remain the best options.

17.4.7 Pool Creation

Bog pools represent a characteristic feature of peat bogs in oceanic
regions. Not all sites have pools, but some peatlands have hundreds of
them. Pools are important because they support a wide variety of organ-
isms that contribute to the biological richness of peatlands. Many plant
and insect species are found only in or around bog pools and nowhere else
in peatlands. In fact, peatlands with pools have a much greater biodiver-
sity than peatlands without pools. Thus, the creation of pools is strongly
encouraged because it increases the value of a restored peat bog, espe-
cially if the presence of pools has been seriously reduced regionally
(Standen et al. 1998; Mazerolle 2001, 2003; Mazerolle and Cormier 2003).

17.4.8 Time to ”Recovery”

An example of a simple monitoring program that is suggested to peatland
managers after restoring a peatland is given in Quinty and Rochefort
(2003) with examples of monitoring forms. We now know that it is possi-
ble to revegetate a cutover peatland with peatland plants and stabilize the
surface peat substrate within 3-5 years. An example is a restoration pro-
ject done in eastern Canada (Bois-des-Bel), where it was found that after
5 years of restoration, total plant cover by peatland plants was already
90 % and a moss carpet composed of Polytrichum and Sphagnum species
covered 70 % of the ground. Figure 17.10 illustrates the changes observed
through the years.
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1999 — Before restoration 2002 — Control unrestored zone

2001 — 2 years after restoration

Fig. 17.10. Plant revegetation sequence of the whole ecosystem experiment at Bois-
des-Bel peatland showing relatively bare peat substrate prior to restoration in 1999,
the year of restoration in 2000 and four years of recovery. In 1999, prior to restora-
tion, bare peat still covered 71 % of the ground after 20 years of abandonment. In the
picture from 2002 of the control nonrestored zone, one can see much dead wood that
frost-heaved to the surface with time. The picture from 2000 is a general view of the
restored site covered with straw mulch atop the spread Sphagnum diaspores and the
first pair of created pools can be seen in the foreground. In 2001, already 2 years after
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2002 — 3 years after restoration

2003 — 4 years after restoration

2004 — 5 years after restoration

restoration, the moss carpet covered 62 %, of which 22 % was composed of Sphag-
num species; part of it is seen atop the straw mulch. In 2002, most of the ground veg-
etation is dominated by cotton grass (E. spissum) and P. strictum. Four years after
restoration, a moss carpet dominated more and more by sphagna has developed
(35 %). The survey of 2005 points to an estimate of 65 % Sphagnum cover and 80 %
total moss cover, while Sphagnum cover is still below 0.2 % in the nonrestored site.
(Photographs taken by PERG)
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Here the success is only evaluated in terms of vegetation cover exclud-
ing nonpeatland or wetland species. It is only with a long-term monitoring
program that we will be able to assess if full biodiversity is restored and if
the different ecological functions have been restored in the peatland
(Waddington et al. 2003; Tuittila et al. 2004).

17.5 The Future of Peatland Restoration Research

17.5.1 Climate Influence

A good restoration project will define specific goals in regard to the local-
ization of the decommissioned site in the landscape. The effect of different
climates on the success of Sphagnum establishment has received little
attention as the climate within the current distribution of peatlands has
been assumed to be suitable for Sphagnum regeneration. Now that several
large-scale restoration projects have been undertaken since the beginning
of the 1990s, it would be interesting to see if climate can be isolated as a
factor that influences the success of peatland restoration.

17.5.2 Management Approach

There is a diversity of approaches and machinery that can be used to
implement a restoration project. Different machinery, or timing of work in
a season, can have an effect on the restoration success. As we begin to have
more large-scale restoration projects, analyses of the management factors
should be carried out to pinpoint less efficient practices (e.g., a machine
that would mechanically shred too much of the moss material and
decrease its regeneration potential during the collection or the spreading
steps) and ameliorate overall restoration success.

17.5.3 Restoration of Fens

There is much experience in the restoration of fens after agricultural use
in Germany and the Netherlands (Blankenburg and Tonnis 2004; Lamers
et al. 2002), but little has been done so far to restore fens in milled peat-
lands and to reestablish brown mosses. Applying donor diaspores and
straw mulch effectively increases fen plant cover and richness (Cobbaert
et al. 2004) as shown in a study done on small plots (5 m x 5 m) and eval-
uated after a short-term recovery (2 years). Another study done in the
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mountains of Colorado was successful at reimplanting fen vegetation after
peat mining, but the cost of the manual plantations was prohibitive
(Cooper et al. 1998). So, much remains to be done in improving our abili-
ties to understand the processes that can lead to successful fen restoration.
The expertise in fen restoration needs to be improved knowing that as the
peat industry ages, more and more fen type residual peat substrates will
be decommissioned.

17.5.4 Sphagnum Farming and Nursery

Positive results in the area of Sphagnum cultivation in North America
(Campeau and Rochefort 2002; Rochefort et al. 2003; Campeau et al. 2004)
have been facilitated with comparably large interest in European peatland
studies and restorations (Money 1995; Sundberg 2000), and might be a key
for a new type of professional horticulture that will diminish the manage-
ment pressure on natural bog landscapes (Gaudig and Joosten 2002). To
create outdoor Sphagnum nurseries, such as in the trenches of old block
peat cuttings, is an interesting option for supplying Sphagnum moss vege-
tative fragments in countries with little natural mire left and is definitely
an avenue that deserves more research.

17.5.5 Creation of Sphagnum-Dominated Peatlands

In this era of greater environmental awareness, several stakeholders are
trying to find solutions to mitigate the pollution created by industrial
activities. For example, one of them is to decontaminate the polluted water
caused by the piling of mine tailings such as for copper or gold extraction
or to ameliorate the quality of the quality exuding from bark piles from
sawmills. These tailings can be quite acidic, so it could be interesting to see
if creating Sphagnum-dominated wetlands will be one of the processes to
mitigate the polluting effect via their known ability to filter water.

The development of expertise in peatland reclamation could be useful
in regions of high oil sands extraction activities. For example, in northern
Alberta, Canada, the oil sands extraction activities take place in a region of
abundant natural peatlands. It could be important at a regional biodiver-
sity level to be able to recreate functional peatlands on the soils disturbed
by the oil sands industry.
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17.6 Conclusions

Even though Sphagnum mosses are not easy plants to manipulate on arti-
ficial substrates or in nonnatural environments, it is possible to revegetate
large expanses of cutover peatland at a relatively low cost (in the range of
US $900-1400 per hectare). Only long term monitoring of the current
restoration projects will confirm if it is possible to restore the ecological
functions of the cutover peatland to bring it back to a peat-accumulating
ecosystem. Fen restoration of peat fields used for agriculture has been
mostly studied in central Europe but much research is needed to develop
sound restoration procedures for cutover peatlands and learn how to grow
true mosses. Sphagnum farming (cultivation in nurseries) is promising
and research in that area should be promoted. Not only would it be useful
for supplying plant material for reintroduction in countries with low sup-
ply, but it could prove a useful source of biomass to ameliorate growing
substrates.
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