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ABSTRACT
De Beers Canada’s Victor Diamond Mine is located in the world’s third largest
wetland. As a result of this mining activity, the Hudson Bay Lowland will experience
about 5000 hectares of peatland disturbance due to mining and construction activities. De
Beers Canada is required by law to restore the disturbed area to its previous natural state.
Peatland restoration methods have been established in southern parts of Canada.
Nevertheless; differences in hydrological conditions, climate and the method of
disturbance at Victor mine differs from those in southern parts of Canada. Furthermore,
with the risk of introducing foreign species to the Hudson Bay Lowland, the company is
required to explore weed-free mulch or local cover options. Four experiments were set up
to test the effects of mulch, fertilizer, timing of Sphagnum fragment introduction and the
need to manually introduce species from donor sites. Three disturbed sites were chosen;
1) an abandoned Argo trail, 2) a buried pipeline and 3) an abandoned winter road. The
first experiment was set-up to determine the surface treatment for establishing Sphagnum
fragments onto bare peat. Two experimental sites were chosen, an abandoned Argo trail
and the buried pipeline. Two Sphagnum species (S. fuscum and S. fallax) of fragments
were tested using two weed-free commercial mulches, four local covers (Carex aquatilis
cuttings, two densities of Eriophorum vaginatum companion plants and peat blocks used
as a topographical amendment), and no cover treatments. Weed-free mulches or local
options are important to avoid introducing any foreign species to the area. The second
experiment determined the interaction between a weed-free straw mulch and rock
phosphate fertilizer. Full factorial combinations of weed-free straw mulch and rock
phosphate fertilizer was tested using the same two species of Sphagnum as the first
experiment. This experiment was set-up at the buried pipeline site to determine the need
for either mulch, fertilizer or both. Thirdly, S. fallax and S. fuscum fragments were
exposed to winter conditions at three different times of the year (November, January and
March) and either received a mulch or not. It is important to introduce fragments at these
times of the year because the frost has already hardened the ground and machinery can
travel onto the peatland. In June 2008, the fragments were sown onto bare peat at the
buried pipeline site and capitula counts were measured at the end of the growing season
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(August 2008). The final and fourth experiment tested the effects of straw mulch (present
or not) and three dose levels (none, low and high) of phosphate fertilizer on peatland
species growing on top-cut hummocks on an abandoned winter road. No Sphagnum
fragments or other peatland species were introduced onto the top-cut hummocks. The
term of the experiment was from late May 2008 until August 2008. This experiment
showed preliminary results for further testing to restore peatland species onto the
damaged hummocks.

Results of the four experiments indicated that the manual introduction of Sphagnum
species onto bare peat and on winter road top-cut hummocks sites is a critical step in
establishing a cover. Time of year the fragments were introduced had no significant effect
on the growth of Sphagnum fragments, except at the peak of the summer when
establishment remained poor. Straw mulch does not appear to be essential to establish
Sphagnum fragments in the Hudson Bay Lowland.

These four experiments will help in the development of protocols to re-establish
Sphagnum species on disturbed peatlands in the Hudson Bay Lowland after mining.
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CHAPTER 1: INTRODUCTION
Peatland ecology
Boreal and subarctic peatlands are places like no others. Sphagnum mosses and
other mosses dominate the landscape, carpeting the ground and providing an organic
substrate in which vascular plants grow. In no other habitat in the world do bryophytes
constitute such a large proportion of the biomass and primary production (Keddy 2000).
Common characteristics of these northern peatlands include a carpet of mosses, stunted
vegetation, acidic ground water and a high water table.
Peatlands form over time by two different methods; 1) terrestrialization and 2)
paludification. Peatland formation either by terrestrialization or paludification can be
determined by examining its stratigraphy, topography, and vegetation (Heinselman
1963).
Terrestrialization occurs when small ponds, lakes, or bodies of water are gradually
filled-in by vascular plants and mosses (Glaser 1987; Heinselman 1963; Heinselman
1970). This type of encroachment is preceded by two methods; rooting and rafting
(Wheeler & Shaw 1995). Rooting occurs after the water body has accumulated sediment
(silt, mud or peat) which lowers the water table and plants begin to root into the sediment
(Wheeler & Shaw 1995). Rafting occurs through floating vegetation and peat across the
surface of the open water body eventually becoming stable and thick (Wheeler & Shaw
1995).
Paludification is thought to be the most common and important process of
peatland formation (Wheeler & Shaw 1995). Over centuries, gradual flooding of upland
habitats around the original depression raises the water table (Heinselman 1963; Keddy
2000). The constant flooding of dry or uplands results in many of these sites having huge
areas blanketed by bog peat (Wheeler and Shaw 1995). Peat eventually accumulates to a
depth where the vegetation is minimally affected by the underlying topography, and
becomes largely controlled by the climate (Keddy 2000). Sphagnum species continue to
dominate and the water table increases, eventually forming a peatland.
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Peatlands can be divided into two major types based on their hydrodynamics and
consequent vegetation: 1) minerotrophic peatlands, often called fens; and 2)
ombrogenous peatlands, also referred to as bogs (Sjors 1950, 1959).
Minerotrophic peatlands often have groundwater seepage at the surface to variable
degrees, resulting in higher pH (pH 5.5-7.5), and more minerals (i.e. calcium,
magnesium) than ombrotrophic bogs (Payette 2001; Sjors 1963). Minerotrophic fens are
usually dominated by brown mosses, sedges and grasses rooted in shallow peat (Keddy
2000). Both the influence of varying amounts of minerals and oxygen and lower acidity
result in a more varied vegetation type, most of which are not commonly found in
ombrogenous bogs (Sjors 1959).
Ombrogenous peatlands are nutrient poor and acidic (pH 3 to 4.5) (Payette 2001).
Ombrogenous bogs differ from other peatlands because their hydrology influences almost
all other processes in these bogs (Damman 1986). Precipitation is the only source of
water input into bog systems (Sjors 1959; Sjors 1963). Ombrogenous bogs are usually
raised in the centre forming a plateau because of slow decomposition rates of the peat
(Damman 1986). The vegetation of the ombrogenous peatlands is highly specialized,
acidophilous and is poor in number of species of flowering plants (Sjors 1959). Bogs are
dominated by Sphagnum mosses, sedges, ericaceous shrubs, and evergreen trees deeply
rooted into the peat (Keddy 2000).
Fens and bogs both require a moist environment with a stable water table. Poor
drainage associated with glacial topography and an even distribution of rainfall and
atmospheric humidity favour peat accumulation (Crum 1988). Peat can only accumulate
with a stable water level. Organic material is otherwise removed by erosion during high
water periods and decomposition during low water periods (Keddy 2000). These
waterlogged and acidic conditions provide prime conditions where decomposition is
decreased and so accumulation of peat is possible.
The production of peat is dependent on the type of vegetation under decay. Peat
has many forms, including Sphagnum peat, sedge peat, and brown moss peat (Glaser
1987). Two of the most common types of peat are sedge peat and Sphagnum peat. Sedge
peat is more common in fens and is mostly composed of sedges and brown mosses
whereas Sphagnum peat is more common in poor fens or bogs and is mostly composed of
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Sphagnum fragments (Sims et al. 1982; Glaser 1987). The vegetated surface of either
sedge-dominated peatland or Sphagnum-dominated peatland in time gradually becomes
isolated from the water below (Clymo & Hayward 1982) and peat accumulates. As peat
depth increases and water chemistry begins to change, so does the peatland.
Accumulation of peat causes growing vegetation to become increasingly isolated from
the mineral substrate. The distribution of peatland plants is controlled by both water
levels and nutrient gradients produced by the peat itself (Keddy 2000).
As peat formation continues over time, two layers within the peatland form; 1) the
acrotelm (upper layer) and 2) the catotelm (lower layer). The acrotelm is vegetated and is
aerobic. This layer contains: (i) an oscillating water table, (ii) high hydraulic
conductivity, (iii) variable water content, (iv) high microbial populations, and (v)
growing plant material (Ingram 1978). According to Clymo and Hayward (1982) the
acrotelm contains both aerobic and anaerobic regions; however, the anaerobic areas
become more frequent and larger near the catotelm. Oxygen does diffuse through the
saturated peat from the air but the rate is slow about 1/10,000th the rate it would in air
(Clymo & Hayward 1982). As Sphagnum mosses continue to decompose, the level of
water-saturation rises steadily. This is primarily due to the fact that below the living
surface, the stems of the dead Sphagnum have decayed to an extent that the whole plant
structure collapses (Clymo & Hayward 1982).
The catotelm is usually water-logged and anaerobic. This lower layer is
characterized by (i) a stable water content over time, (ii) small or negligible hydraulic
conductivity, (iii) no air entry and anoxic conditions, (iv) no aerobic micro-organisms and
low populations of microbes and (v) no growing plant material (Ingram 1978). The poor
water conductivity of the catotelm allows for water retention and hence, an elevation of
the water table (Moore 1995). Increase of the catotelm by peat accumulation results in the
equilibration of total respiratory activity with primary productivity eventually slowing
peat formation (Moore 1995). Peat has been known to accumulate up to 18m (Vassander
et al. 2003), however in most areas peat accumulates from 1 to 5m (Clymo & Hayward
1982).
Peatland hydrology is one of the most important components of the peatland and
yet remains one of the most complex. At the peatland surface, Sphagnum mosses form a
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layer of capitula where the stem internodes have not yet elongated. The older living parts
of the stem have branches spaced apart by internodes that have elongated (Ingram 1983).
The surface of a Sphagnum carpet is porous with side branches supported on a less dense
layer of vertical columns containing much larger spaces (Ingram 1983). Rainwater and
snowmelt are collected and retained within the Sphagnum mosses. Water is absorbed by
Sphagnum through cells of the leaves and the stem, retained in plants by the matrix forces
and conducted through networks of various capillary spaces (Ingram 1983). Water
availability is dependent upon the capillary action created by the peat substrate and the
Sphagnum carpet. As the capitula of the Sphagnum moss grows upwards it encounters
conditions of greater water stress (Crum 1988). Water is distributed from the water table
to the top of hummocks by the capillary forces within the peat and so different
hydrological regimes have differently adapted species (Vitt & Slack 1975).
The water table is not only controlled by the water retaining properties of the
Sphagnum mosses, but also by climate. Climate affects the water table as it fluctuates
with seasonal precipitation: high water table in the winter months and a low water table
during the summer months. Fluctuations in water table occur from season to season in
different parts of the peatland (Ingram 1983).
Sphagnum mosses have the ability to acidify their environment through cation
exchange (Clymo & Hayward 1982) and by organic acids (Hemond 1980). The cation
exchange sites are mostly the carboxyl (COO -) groups on long chain polymers containing
uronic acids (Clymo & Hayward 1982). Uronic acids constitute approximately 10 to 30%
(species dependent) dry mass of the Sphagnum species (Clymo & Hayward 1982). These
acids cause the bog water to become low in electrolytes and acidic in reaction (Crum
1988). The ability for Sphagnum mosses to exchange ions is greater further above the
water table (Clymo & Hayward 1982). Continued growth and the production of new
cation exchange sites maintain the acid environment in which Sphagnum continues to
dominate (Clymo & Hayward 1982). However, organic acids also play a larger role in the
acidification of peatlands.
Organic acids supply most of the acidity in the surface water of the bogs (Siegel
et al. 2006). Organic acids and H+ ions from organic matter contribute the majority of the
positive and negative charges in the surface waters of raised bogs but not of fens (Siegel
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et al. 2006). Siegel et al. (2006) found that organic acids strongly influenced the acid–
base equilibria of peatland waters particularly within the pH range for bogs and
transitional poor fens. A study of Thoreau`s Bog in Concord Massachusetts suggests that
the organic acid system is almost entirely responsible for the acidity (Hemond 1980).
Mineral acidity and organic acid balances in this study were conclusive evidence that
organic acids are responsible for the acidity of bog water (Hemond 1980). The acidity of
the peatland is generated and controlled mainly by Sphagnum species through both the
cation exchanges but mainly through organic acids.
The acidic and waterlogged environment protects the Sphagnum mosses against
other competing vegetation. Trees are potential competitors with other smaller peatland
vegetation. Conifers including black spruce and tamarack inhabit peatlands; however, the
waterlogged and acidic conditions keep them at a minimal height and size. MacDonald
and Yin (1999) found that by lowering the water table, both the black spruce and
tamarack increased their rate of growth up to 3.8 times more than if they had continued to
grow in the waterlogged fen. Vascular plant growth was found to be more associated with
nutrients, whereas bryophytes were more affected by acidity and mineral elements (Vitt
& Chee 1990).
Nutrients, minerals, conductivity and pH control the type of peatland that forms
and hence, the type of vegetation that grows on that peatland. Sphagnum species on
hummocks have been known to contain more nitrogen (N), phosphorus (P), and
potassium (K), than that supplied in the annual precipitation (Damman 1978). It is
thought that capitula conserve the N, P and K whose distribution is closely tied with
water table location and fluctuation (Damman 1978). Many of these macronutrients such
as N, P and K are removed by leaching much before the peat becomes permanently
anaerobic (Damman 1978), and so those ions become severely limiting.
Nitrogen input into the system is obtained in many ways. Peatlands receive
approximately 40% of total nitrogen from atmospheric deposition, while 30% is from
upland runoff, and 22% is generated from nitrogen fixation (Glaser 1987). Precipitation
and atmospheric dust provide the main source of nitrogen supply (Damman 1978). Bogs
are nitrogen sinks, retaining 52% of the nitrogen input within the peat deposit (Glaser
1987). Most of the nitrogen lost from the system was in the form of organic nitrogen via
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stream flow (Glaser 1987). In harvested peatlands with no surface vegetation,
significantly higher concentrations of aqueous ammonium and nitrate occur in the peat,
compared to the natural area (Wind-Mulder & Vitt 2000). Possible factors for this
increase in nitrogen include; increased aeration, high pH values, and low vegetation cover
(Wind-Mulder & Vitt 2000).
The growth of peatland vegetation, especially that of Sphagnum species, is limited
by the supply of phosphate. The concentration of phosphate in bog water is about 10 000
times less than in other ground water sources (Clymo & Hayward 1982). However
concentration may vary depending on the vegetation cover. As with nitrogen, a lack of
vegetation cover results in higher phosphorus concentrations within the groundwater
(Wind-Mulder & Vitt 2000).
In studies of natural versus harvested bogs, potassium levels in the surface peat
were higher in the natural areas than in harvested areas of eastern and central Quebec
(Wind-Mulder et al.1996). This suggests that potassium is mostly present in vegetation
and surface peat layers of natural bogs and is removed when the peatland is harvested.
Biological activity of Sphagnum causes larger concentrations of potassium and
phosphorus in the surface layer, with decreasing concentrations at increasing depth
(Hemond 1980). It is possible that there is a lack of biological activity when the peat
surface is removed during harvesting and so potassium is not replenished into the system.
Some species of Sphagnum live at the top of the hummock, whereas others are
found at the side or at the bottom and in depressions between hummocks. For example, S.
fuscum is more productive and less prone to decomposition than S. rubellum
(Waddington et al. 2003), suggesting that S. fuscum is more likely to form hummocks as
growth exceeds decomposition. So, S. fuscum is found at the tops of hummocks (Crum
1988). Since the tops of hummocks are further from the water table having less access to
water than near the base of the hummock (Ingram 1983), S. fuscum can quickly obtain
water by capillary action. S. magellanicum and S. capillifolium are found on the sides of
the hummocks, these Sphagnum mosses require more water to grow and are less suited to
water movement but they are good at retaining water (Crum 1988). When water moves,
the water table also moves to satisfy the storage requirements of the local water balance
(Ingram 1983). For example, if the acrotelm has a high permeability, the water table
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moves homogenously, but if the permeability is low then evaporation and interception
will differ between hummocks and hollows (Ingram 1983).

Peatlands of the Hudson Bay Lowland
The Hudson Bay Lowland (HBL) is located south and west of Hudson Bay and
James Bay. It is the third largest wetland in the world with over 80% of it in northern
Ontario (Abraham & Keddy 2005). The HBL is located near what is thought to have been
the centre of the Laurentide ice sheet during the maximum extent of the last glaciation
(Riley 2003). After the recession of the glacier, a depression in the Earth’s crust was left
behind from the weight of the ice sheet. Immersed by glacial melt and intrusion of marine
waters, the HBL was covered by the Tyrrell Sea. With rapid isostatic rebound of the
Earth’s crust, the shoreline has receded at a rate of up to 4m per year exposing the HBL
(Abraham & Keddy 2005). The lowland emerged from the Tyrrell Sea due to one of the
continent`s most rapid rates of isostatic rebound (0.7cm to 1.2cm per year; Webber et al.
1970). The HBL now covers 373,700km2 or 3.7% of Canada, stretching from Churchill,
Manitoba to the East Main River in Quebec (Abraham & Keddy 2005). Recent
physiographical classification based on climate, landforms, vegetation and ecological
processes subdivide the HBL ecozone into three ecoregions (Abraham and Keddy 2005);
1) coastal HBL, 2) HBL, and 3) James Bay Lowland.
The topography of the area can be described by one word: flat. The maximum
elevation according to Abraham and Keddy (2005) is 120m above sea level occurring at
the lowland`s southern limit. The general slope of the land is 0.75m per kilometre the
lower end being at the coast of the Hudson Bay (Sjors 1959). The generally flat
topography offers few barriers to climatic affects.
The climate is characterised by short, cool summers and long cold winters
(Abraham & Keddy 2005). Gradients of temperature and precipitation exist with a cooler
and drier climate in the northwest (coastal Manitoba) to a warmer and wetter climate in
the southeast (Southern James Bay; Abraham & Keddy 2005).
Fens and bogs in the HBL have developed in diverse patterns. Some include tear
drop coniferous islands, ribbed fens, peatland ponds, plateau bogs, and raised palsas
(Abraham & Keddy 2005; Riley 2003).
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Tear-drop coniferous islands are found throughout the Hudson Bay Lowland. This
formation occurs because of a change in mineral availability (Sims et al. 1979). The
round part of the tear-drop represents the richest area, the narrow tip of the tear-drop
shows the direction of water movement as minerals are depleted when the water is
drained away leaving a sliver in which conifers thrive (Sims et al. 1979). These are
perfect examples of a minerotropic environment underlying the ombrogenous bog
(Payette 2001).
Ribbed fens with bog islands dominate the southern and central HBL (Riley
2003). They are minerotropic mostly covered by water with bog islands that give them
their shape (Payette 2001). The ombrogenous bog islands have accumulated Sphagnum
and other plant species and are found bordering the minerotrophic fen.
Peatland ponds cover large parts of the interior lowlands (Riley 2003). Raised
ridges around the ponds often hold ice longer and contain discontinuous permafrost yearround (Riley 2003).
Plateau bogs are found discontinuously throughout the HBL and form a large part
of its wetland complex (Riley 2003). The permafrost-based peat plateaus effectively
support more terrestrial, open and sub-arctic vegetation types (Riley 2003).
Raised palsas are obvious formations in an ombrogenous bog. They resemble
round islands of conifers within peatlands. A core of ice has grown under them, raising
the surface above the water-table and allowing for trees, lichens and sedge species to
colonize the drained peat (Payette 2001).

Traditional Human Uses of the Hudson Bay Lowland
The Hudson Bay Lowland is home to 312 First Nation Communities. These
people utilize the land to feed their family and their community. Each family has a
designated piece of land in which they are permitted to hunt. Although families are
separated in their hunting grounds, food is gathered and shared amongst the entire
community. Moose, caribou, geese and fish are the main source of food and are routinely
hunted or fished at different times of the year (Pers. comm. Charles Hookimaw, De Beers
Canada). Polar bears on the coast are traditionally hunted for pelts and meat.
Flora of the Hudson Bay Lowland is readily utilized by the First Nation people for
survival. Berries such as cranberries, blueberries, raspberries, cloudberries and
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strawberries are gathered (Pers. comm. Charles Hookimaw, De Beers Canada). Labrador
tea leaves are collected and brewed as tea (Pers. comm. Charles Hookimaw, De Beers
Canada). Many other herbs and shrubs are used in everyday cooking within the
communities located in the Hudson Bay Lowland.
The environment in the Hudson Bay Lowland is important to the First Nation
people who have inhabited the area for many years and depend on and use the land for
survival. Conservation and restoration practices within the Hudson Bay Lowland are
crucial to maintain ecological integrity so that the land may continue to provide fauna and
flora to the First Nation communities.

De Beers Victor Diamond Mine
In 2004, Canada was ranked the third largest producer of diamonds in the world
behind Botswana and Russia. Canada has two regions with established diamond mines 1)
the Northwest Territories (NWT), northeast of Yellowknife and 2) the Hudson Bay
Lowlands, approximately 90km west of the coastal community Attawapiskat.
De Beers Canada’s Victor Mine in the HBL is Ontario’s first open-pit diamond
mine. Construction of De Beers Victor Mine began in February 2006 and production of
diamonds commenced in early 2008. It is an open-pit mine that has an expected total
project life of 17 years. Site facilities include the processing plant, workshops,
warehouse, offices, fuel storage, open-pit dewatering system, accommodation complex,
and airstrip. Access to De Beers Victor Mine is restricted to winter roads and air. The
total impacted area will be approximated 5000 hectares, which includes both upland and
peatland areas (De Beers Canada 2008). Disturbed land includes areas such as the site
facilities, waste piles and access roads built up using local limestone. These areas are
planned to be revegetated as upland sites. Disturbed peatlands currently requiring
rehabilitation include; site monitoring access trails disturbed by Argo (Argo trails),
abandoned winter roads, and pipelines buried into the peat. An Argo is an all-terrain,
wheeled vehicle that can travel on difficult terrain and float while traveling on water.
Fitted with a track, an Argo is the best method of transportation on the peatland. Argo
trails are anywhere from 6m wide up to 20m in some areas and are several kilometres in
length. Disturbance by Argo is difficult to quantify because trails continue to expand with
continued use. Winter roads are generally approximately 20m wide and several hundreds
9

of kilometres in length. Both current winter roads and abandoned winter roads used for
exploration exist. Depending upon transportation needs of mining operations, winter
roads used to access the mine site may continue to expand throughout the life of mining
operations. Pipelines are used for transport of water over long distances at Victor Mine.
The pipeline dealt with in this study is buried approximately 2m below the surface. The
area containing the buried pipeline is approximately 6m to 10m wide, several kilometres
long. This linear pipeline is inserted into the ground in the winter and any peat materials
removed is replaced back to the area; nevertheless, the peatland is disturbed.
Disturbances caused by winter roads are unique. The most common disturbances on
winter roads are top-cut hummocks. Hummocks are mounds of Sphagnum mosses and
other peatland species. During the construction of winter roads, large steel drags are used
to flatten the area. By doing so, anything protruding (hummock tops) on the winter road
is sliced off and the area flattened. Winter roads are linear measuring hundreds of
kilometres long and approximately 23m wide.
Peatland disturbances are limited to the destruction and removal of surface
vegetation, with the exception of buried pipeline sites. However; the buried pipeline sites
involve the replacement of any peat material removed for the initial placement of the
pipes underground. The use of heavy machinery on peatlands is restricted to the winter
months when frost can support the machinery. Use restricted to winter ensures that no
localized dewatering of the area is required and the water table in all disturbed peatlands
areas and remains in a natural and unaltered state.
The sensitivity of the area not only includes the biotic environment but also the
people that utilize and live off the land. An Impacts Benefits Agreement was successfully
negotiated in November 2005 that allowed work on the traditional lands of Attawapiskat
First Nation and allowed major construction of the mine to begin (De Beers Canada
2008).
The primary environmental considerations at Victor are water, fisheries, waste
management as well as wildlife and habitat displacement. The use of indigenous plants
for rehabilitation is an important component of the rehabilitation plan. This will ensure
that no non-native plant species are introduced to the environment.
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Peatland Restoration
The terms restoration, rehabilitation and reclamation although have they similar
meanings, have different definitions. Restoration is defined as actions that lead to the full
recovery of an ecosystem to its pre-disturbed structure and function (Walker and Del
Moral 2003). Rehabilitation refers to actions that seek quickly to repair damaged
ecosystem functions, particularly productivity. Indigenous species and ecosystem
structure and function are targets for rehabilitation (Walker and del Moral 2003).
Reclamation is defined as actions that stabilize a landscape and increase utility or
economic value of a site, rarely involving indigenous species (Walker and del Moral
2003).
The Peatland Ecology Restoration Group (PERG) established at Université Laval
is a world leader in peatland restoration and the main group developing protocols in
North America. The main goal is to establish native peatland species onto ombrotrophic
bogs that have been mined for peat. These mined bogs have been severely damaged over
decades. Peat was either removed by block cutting or more recently by vacuum-mining.
The hydrology is therefore severely altered. The living acrotelm is completely removed
to reach the decomposed organic layer. The residual peat is often approximately one
metre thick, mesic to humic in nature and strongly or mildly acidic in pH. The main
geographic focus of PERG has been on restoring mined bogs in the temperate and south
boreal regions of Québec and New Brunswick, although some work has also been done in
Alberta and the northern United States.
The following general steps are followed in North America: 1) drainage ditches of
peat mine fields are blocked to encourage rewetting of the residual peat and to increase
the water table; 2) Sphagnum fragments are reintroduced onto the rewetted bare peat at a
ratio of 1m2 from a donor site and spread onto 16m2 in the disturbed peatland (Cobbaert
et al. 2004); 3) loose agricultural straw mulch is applied onto the introduced fragments to
maintain a suitable microclimate, enabling the fragments to establish and reproduce; and
4) a mild phosphate fertilizer is applied (Quinty & Rochefort 2003).
Hydrology is the main contributing factor to peatland species establishment after
the removal of the acrotelm. Price et al. (2003) found that due to long-term compression
and oxidation, surface subsidence was about 0. 3cm y-1 m-1 when the upper Sphagnum
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layer (acrotelm) was removed. Subsidence can cause the hydraulic conductivity to
decrease by up to 75% and to decrease water retention of the peat (Price et al. 2003).
Alterations of the hydrological processes of peatlands make colonization and growth of
peatland species difficult. Changes in evaporation, runoff and soil volume also occur
when the acrotelm is removed during peat mining (Shantz & Price 2003). The restoration
techniques developed by PERG contribute to the recovery of hydrological conditions
necessary for Sphagnum recolonization (Shantz & Price 2003).
Peat characteristics are a main contributing factor to the success of establishing a
Sphagnum carpet. Peat thickness, type of peat (Sphagnum or sedge), and degree of
decomposition of peat are important considerations prior to rehabilitation (Quinty &
Rochefort 2003). For instance, a well-decomposed peat has low water storage capacity
and creates very dry surface conditions, especially for Sphagnum species (Quinty &
Rochefort 2003). Girard et al. (2002) found that natural recolonization of an abandoned
peat mined bog was good, however only 10% of the cover was composed of Sphagnum
species. They concluded that the water table, peat deposit thickness and pH contributed to
the poor growth of Sphagnum species.
Since Sphagnum species are the main peat-forming species, they are key for
regeneration success. Stems of Sphagnum fragments down to 10cm depth below the
capitula are viable enough for re-establishment (Campeau & Rochefort 1996).
Greenhouse experiments have shown that water level greatly influenced the
establishment success of the fragments (Campeau & Rochefort 1996), although success is
species dependent. Chirino et al. (2006) found that S. fuscum is the best adapted to
variable climatic conditions, whereas, S. angustifolium thrives in more humid habitats
than S. fuscum. The Sphagnum species that can survive variable conditions within the bog
or fen are potentially the better species for restoration (Chirino et al. 2006).
Microclimate is a major factor in restoration success. It is believed that without a
moss cover, a hard, dry crust will form at the surface of the peat preventing colonization
(Chirino et al. 2006). Many different methods of improving the growing environment for
the Sphagnum have been explored (Quinty & Rochefort 2003), including sprinkler
irrigation, pumping water into irrigation ditches, the use of companion plants, protective
covers and windbreaks. Among the options, the use of a protective cover, particularly
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straw gave the best results (Quinty & Rochefort 2003). Straw mulch creates an air layer
that maintains a cooler daytime temperature and higher relative humidity therefore
allowing for a higher water level around the plant fragments (Quinty & Rochefort 2003).
Straw can also become very stable, especially after rain events and can resist strong
winds without being blown away (Quinty and Rochefort 2003). These conditions allow
plant fragments better access to water and decreases frost heaving therefore increasing
the success rate of plant establishment onto the bare peat (Quinty & Rochefort 2003).
Past studies have shown success in the reestablishment of Sphagnum species while using
straw mulch (Chirino et al. 2006; Rochefort et al. 2003). Straw mulch has been shown to
provide a better microclimate for the Sphagnum fragments than screen coverings
(Sundberg & Rydin 2002) and companion plants such as Eriophorum vaginatum (Lavoie
et al. 2005). This study used two weed-free commercial mulches: coconut and straw and
a local mulch made from Carex aquatilis cuttings. Local mulch is important to this study
to guarantee that no foreign species will be introduced to the area. Exposed bare peat has
a tendency to dry which could prevent fragments from establishing. Mulch could help
keep the climate around the fragments moist by creating a barrier to the climate above the
mulch. Companion plants were tested against the mulches to see if they could alter the
climate around the introduced fragments to benefit their establishment onto bare peat in
the Hudson Bay Lowland. Companion plants can create barriers around the fragments by
protecting them from wind and sheltering them from high temperatures. Peat blocks used
as a topographical amendment are thought to act in the same manner. It is suspected that
peat blocks may increase the surface roughness in the areas where fragments are
introduced. An increase in surface roughness can decrease evaporation keeping the area
moist and protected from high temperatures.
The addition of phosphorus gives the introduced Sphagnum fragments an advantage
in establishment success. Fertilizing with a slow release rock phosphate was found to
have a significant effect on both vascular plants (Ferland & Rochefort 1997) and
Sphagnum species (Quinty & Rochefort 2003). Establishment of Sphagnum fragments
were found to be favoured by the application of phosphorus in terms of higher number
and percent cover of capitula (Ferland & Rochefort 1997).
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Fauna also benefit from the rehabilitation of peatland vegetation. As the Sphagnum
carpet is re-established and other vascular plants begin to grow, animals that have
inhabited the area before disturbance will begin to return. Peatlands are known especially
by birders for their diversity of bird populations. Mazerolle et al. (2006) found that both
avian species richness and peatland vegetation cover increased following restoration of
the site. Lachance and Lavoie (2005) examined the relationship between plant and bird
richness with respect to forest cover. They found that afforestation reduced bird species
diversity by altering the vegetation structure (Lachance & Lavoie 2005). A look at the
impact that peatland disturbance has on amphibian populations has also been explored.
For instance, Mazerolle and Desrochers (2005) examined two frog species on disturbed
and undisturbed peatlands. They found that 72% of the frogs, when presented with a
choice, avoided disturbed surfaces. In the absence of cover, the frogs lost a good portion
of their moisture which could be fatal (Mazerolle & Desrochers 2005). All these studies
point to the importance of peatland restoration to improving habitat for wildlife.
These restoration practices in North America have concentrated on creating an
environment in which peatland vegetation could establish and help drive the ecosystem
eventually to become a naturally functional peatland.
In Europe, different approaches to peatland restoration have been tried, but they
often lead to a new natural state, often with few bryophytes (Vassander et al. 2003).
Attempts to restore hydrological conditions have been explored but damming or filling in
ditches have failed to rewet the damaged mires (Vassander et al. 2003). Efforts to reestablish the vegetation cover have been a priority in restoration practices (Roth et al.
1999; Lamers et al. 2002; Silva & Pfadenhauer 1999). In two fen areas in northeastern
Germany, Roth et al. (1999) aimed to establish peat-forming vegetation and to enhance
species richness. Use of Carex species were recommended by Roth et al. (1999) as peatforming species and that Iris pseudacorous, Lysimachia vulgaris and Lythrum salicaria
be established to enhance species richness. Methods were used to encourage restoration
of fens with the assumption that complete restoration will take many years (Roth et al.
1999). Lamers et al. (2002) refers to methods used to restore degraded fens in the
Netherlands. They point out that water quality and quantity is the most important aspect
for fen restoration. Restoring the fen system is of more importance than restoring fen
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species (Lamers et al. 2002). Silva and Pfadenhauer (1999) explored restoration of raised
cut-over bogs in Southern Germany. They used Sphagnum sods to re-establish a
Sphagnum ground cover. It was found that without a vegetation cover, establishment of
Sphagnum sods were unsuccessful (Silva & Pfadenhauer 1999).

Peatland Rehabilitation in the Hudson Bay Lowland
With over 95% of the landscape being peatland and a projected disturbed area of
5000ha at the Victor Mine, most of the area disturbed by this mine will be peatland.
However, mining waste piles, gravel roads and gravel pads underlying the camp and
roads will remain as drained uplands after mine closure, so their rehabilitation targets will
have to be upland communities and not peatlands. Nevertheless, areas of disturbed
peatlands will have to be rehabilitated, including those disturbed by all-terrain vehicles,
winter roads and pipeline construction. After mine closure, the company may also have
to remove gravel roads and some filled areas and rehabilitate them back to peatland.
Beyond these considerations for the Victor Mine, it is also probable that future mining in
the HBL will require peatland rehabilitation.

Why bother restoring these damaged peatlands? First, as already mentioned, DeBeers
Canada has a legal obligation to rehabilitate the site as part of their operational license.
Peatland restoration in the Hudson Bay Lowland is also important because First Nations
utilize and hunt on the land for survival; if the habitat changes then so do its inhabitants.
Restoration of these peatlands is important in terms of conservation. The Hudson Bay
Lowland is the third largest wetland in the world (Abraham & Keddy 2005). Several
groups of wildlife are intimately associated with it, including woodland caribou,
waterfowl and shorebirds. These peatlands also take thousands of years to develop and
form into a system of slow decomposition, acidic substrate and stunted growth. Peat in
the Hudson Bay Lowland makes up over half the organic soil deposits in Ontario (Sims et
al.1979). The carbon in these deposits is of global importance for climate change (UNEPWCMC 2008; Carlson et al. 2009). All these reasons adequately answer the question of
why we should restore peatlands.
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Several barriers exist to applying the proven techniques developed by PERG to the
north temperate or south boreal regions to the Hudson Bay Lowland.
First, in contrast to those regions to the south, the Hudson Bay Lowland has a subarctic climate, which offers a much shorter growing season. Furthermore, peatlands in the
HBL are underlain by discontinuous permafrost.
Second, mining for peat is not the source of disturbance as it is in the south.
Disturbed peatlands to be restored at Victor Mine mostly have only surface disturbances.
The vegetation is removed or disturbed, but the acrotelm remains present. A fibric peat
remains at the surface, with a pH of 4 to 6. Another consequence of the surface
disturbances is that the hydrology of disturbed peatlands is similar to that of natural
undisturbed peatlands, unlike those mined for peat which have been ditched and drained.
This can be advantageous for plant growth, but for large-scale restoration purposes,
tractors or other similar vehicles cannot access these disturbed peatlands to restore them,
except during winter months when the frost has hardened the ground. There is also the
possibility that a seed bank or buried parts of vegetation will allow for natural
regeneration. As such, Sphagnum fragments may or may not need to be added from a
donor site in order to restore a Sphagnum cover.
Thirdly, as a precaution against the introduction of alien weed seeds and plant
species to the mine site, loose agricultural straw cannot be applied as they do in the
peatland restoration protocols in southern Quebec. Only weed free mulches or local
mulches can be used. Mulches are commonly used to limit evaporation from the climate
around the fragments, keeping them moist.

Research questions, objectives and hypotheses
Several interesting research questions are raised by the prospect of restoring
peatlands in the Hudson Bay Lowland, including:
•

Will mulch make a difference to Sphagnum recolonization in this sub-arctic climate
as it does in low boreal and temperate climates? If so, can a local mulch or a
commercial weed-free mulch be used in place of straw?

•

Does a mild dose of fertilizer treatment have an effect on peatland recovery?

•

Can the use of local companion plants be just as effective as commercial mulch?
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•

What type of amendments would be needed to revegetate abandoned winter roads?

•

What dose of phosphate fertilizer would encourage the natural regeneration of
peatland species on top-cut hummocks on abandoned winter roads?

•

Can the use of a weed-free mulch encourage the growth of peatlands species on topcut hummocks on abandoned winter roads?
With these questions in mind, the overall objective of the experiment was to

develop peatland rehabilitation protocols for disturbed peatlands in the Hudson Bay
Lowland. General hypotheses tested for the purpose of developing protocols in the
Hudson Bay Lowland include;
1) The spreading of Sphagnum fragments is required to significantly increase the
number of Sphagnum capitula that establish;
2) Mulch, companion plants or a topographical amendment (peat blocks) is
required to significantly increase the number of capitula that establish by providing
protection from high midday temperatures and low vapour densities;
3) Local mulch or local companion plants will provide conditions to establish and
grow introduced Sphagnum fragments as well as commercial mulches;
4) Peat blocks will change the surface roughness and reduce water loss from the
peat surface providing a cool, moist environment to establish introduced fragments;
5) The addition of phosphorus will significantly increase the number of capitula
and grasses that grow;
6) Weed free straw mulch will lower midday temperatures and increase vapour
density that will significantly increase the number of capitula and grasses;
7) Sphagnum fragments introduced in November before the snow accumulates
and mulched with straw will have a higher viability than those exposed later in the
winter;
8) Using a straw mulch to protect the fragments will significantly increase the
number of capitula;
9) With the protection of straw mulch and a high dose of phosphate fertilizer, the
number of peatland species will increase on top-cut hummocks on abandoned winter
roads.
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CHAPTER 2: Testing commercial mulches, local
mulches, companion plants and a topographical
amendment to establish introduced Sphagnum species
onto disturbed peat
Sphagnum mosses are in large part responsible for the ecological function and the
foundation for species diversity in peatlands. The substrate changes when Sphagnum
mosses are removed and the underlying bare peat is exposed. Without vegetation, peat
surface temperature and evaporation increase (Price et al. 1998), water table lowers, peat
compresses, water retention increases (Price 1997) and frost heaving occurs (Groeneveld
& Rochefort 2005). These conditions are fatal to any plant fragments or seedlings trying
to establish because water availability becomes too difficult.
Under optimal conditions, Sphagnum mosses primarily re-establish vegetatively
from its main stem, branches, adventitious buds, detached branches and by forming
protonema from vegetative cells (Cronberg 1992; Rochefort et al. 1995). Vegetative
regeneration of Sphagnum species is largely used to restore native vegetation in disturbed
peatlands (Rochefort 2000). According to studies done on mined peat fields in southern
Quebec, there are three interventions that are paramount to the establishment of
Sphagnum mosses on bare peat; 1) introducing Sphagnum fragments from a local donor
site, 2) using a protective mulch cover and 3) rewetting the site to increase both water
table level and surface moisture conditions (Rochefort 2000).
Active introduction of Sphagnum fragments is considered essential to obtain the
best results when restoring peatlands according to past studies. Due to the removal of the
acrotelm where viable fragments and other peatland vegetation is established, Sphagnum
species can take decades to return to the disturbed area (Lavoie et al. 2003). Many studies
have shown that by not reintroducing Sphagnum species from a donor site, the number of
Sphagnum mosses that reestablish in the area is often zero (Quinty & Rochefort 1997;
Rochefort et al. 2003; Ferland & Rochefort 1997; Cobbaert et al. 2004). However; by
manually or mechanically reintroducing Sphagnum fragments, a healthy cover (about
70% cover) can be obtained in approximately five years (Quinty & Rochefort 2003).
Sphagnum growth is dependent on a controlled and protective microclimate to
provide less harsh conditions for establishment. Many types of covers have been used to
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improve the establishment success of Sphagnum species. A few include plastic covers
(Rochefort et al. 1997), shade screen (Rochefort et al. 2003), companion plants (Lavoie
et al. 2005; Groenveld & Rochefort 2005), and snow fencing (Rochefort et al. 1997).
Straw mulch produced the healthiest and largest percent cover (Rochefort et al. 1997;
Rochefort et al. 2003). Protective covers decrease temperature and evaporation during the
summer time, allowing for increased surface moisture and a higher water table (Price et
al. 1998). A protective microclimate during hotter drier periods of the summer favours
growth conditions for introduced fragments on bare peat by decreasing temperatures
during the day, increasing temperatures during the night and increasing humidity.
Growing conditions at the time of reintroduction are critical to the success rate of
establishing introduced fragments. Chirino et al. (2006) concluded that temperature and
humidity at the time of introduction of Sphagnum fragments is critical for long term
establishment. High temperatures can prevent adequate growth of the plant by injuring
the photosynthesis process (McDonald & Paulsen 1997). Bragazza (2008) studied the
effects of a heat wave in 2003 on the die-off of peat mosses and concluded that
irreversible damage was seen on hummock species due to a significant increase in
temperature and a significant decrease in precipitation. Fluctuations or the amplitude of
hot and cold temperatures occur between night and day are damaging and could affect the
establishment potential of the Sphagnum mosses (Rochefort 2000). Marchand et al.
(2006) found a loss of cold resistance in arctic species when they were exposed to
consistent high temperatures followed by colder temperatures.
Past experiments concluded that the use of a protective cover such as straw mulch
provided stability in microclimate temperature fluctuations making the temperature under
the straw warmer at night and cooler during the day during the summer (Price et al.
1998). Maintaining low evaporation from the surface was important in southern Quebec
where temperatures were high and the peat water content was fatally low due to peatland
drainage during mining operations (Quinty & Rochefort 2003). Straw mulch cover
maintained an elevated water table and decreased evaporation to allow the establishment
of introduced Sphagnum fragments (Price 1997; Price et al. 1998).
The vapour density gradient from peat surface to air is important in determining
moisture loss from the microclimate in which the Sphagnum species are establishing.
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Water molecules always move from a high vapour density toward a low vapour density
(Oke 1987). Since peatlands are wetlands, the saturated peat surface microclimate
normally has a higher vapour density than the air. If the moisture at the microclimate
level is not protected from latent and sensible heat, water molecule near the ground begin
to move up into the air, in turn drying out the peat surface. Price et al. (1998) found that
evaporation was controlled by available energy from the sensible and latent heat flux and
air and soil temperature. Straw mulch cover in southern Quebec increased resistance to
vapour transfer into the air and heat penetration toward the microclimate providing
cooler, moist microclimate for the introduced Sphagnum species (Price et al. 1998). Low
temperatures and evaporation during the establishment phase of the fragments resulted in
a higher water table and increased peat surface moisture (Price 1997). In drained areas
such as the mined peatlands in southern Quebec, straw mulch provided the necessary
microclimate, including a higher water table position.
High water table position is also essential in the growth of Sphagnum species. In
natural peatlands, surface vegetation receives water from the water table below by
capillary water transport up the stems of the Sphagnum species to the top of the
Sphagnum (capitula) (Wheeler & Shaw 1995). That capillary action is broken when the
Sphagnum mosses are removed and the underlying peat is disturbed. An extremely low
water table can directly affect the capillary action of the peat and water will no longer be
able to reach the surface. Price (1997) found that peat surface moisture content was
positively related to the water table position when a high water table was present with
low water tension in the peat. Introduced Sphagnum species are detached from the
substrate when collected and cannot receive water from the capillary action in their stem,
and must rely on external absorption of water from their surrounding environment (ie:
surface moisture, rain) (Wheeler & Shaw 1995). Rochefort et al. (1997) described
Sphagnum mosses as poikilohydric organisms that depend on atmospheric moisture for
survival and growth. This critical need for Sphagnum to absorb water from its
environment is dependent on surface peat moisture, and depth of the water table for the
establishment success of Sphagnum species.
Other studies have shown that companion plants such as E. vaginatum and
Polytrichum strictum can be used to accomplish the same function as straw mulch by
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maintaining a stable environment with lower temperatures and higher humidity.
Boudreau and Rochefort (1999) found that more Sphagnum mosses established beneath
the cover of two Eriophorum species. They were able to establish better there due to
increased humidity (Boudreau & Rochefort 1999). Like the Eriophorum species,
Polytrichum species also have the same benefit. P. strictum increased temperatures
during the night and decreased them during the day, in addition to increasing humidity
around introduced Sphagnum fragments (Groenveld et al. 2007). Polytrichum species
have also decreased irradiance and increased water content of Sphagnum within the
Polytrichum carpet. Companion species such as Eriophorum and Polytrichum can benefit
the establishment of introduced Sphagnum fragments by moderating the microclimate
similarly to the more commonly used straw mulch. Groenveld and Rochefort (2005)
found that straw mulch slowed the rate of ground thaw in the spring due to lower
temperatures, however; without straw mulch, water content increased. In addition to
benefits of lowering temperature fluctuations and increasing humidity, frost heaving is
reduced by using a straw mulch cover or companion plant.
Frost heaving can pose a problem for establishing Sphagnum fragments and other
bog plants because as the ground heaves upward, the fragments loses contact with the
peat (Quinty & Rochefort 1997). Frost heaving can be alleviated by reducing the
exposure of the bare peat to the atmosphere until the fragments are established. An
established Polytrichum sp. carpet prevented frost heaving by reducing the number of
freeze thaw cycles (Groeneveld & Rochefort 2005). Frost heaving was effectively
reduced in the fall by using straw mulch but due to some decomposition over the winter,
straw was less effective in preventing frost heaving in the spring (Groenveld & Rochefort
2005).
Microrelief formed of ridges and depressions can change the conditions near the
peat surface to establish introduced Sphagnum fragments (Ferland & Rochefort 1997). By
amending the topography, surface roughness is increased. By increasing surface
roughness wind speed is decreased and temperatures are increased near the surface (Oke
1987). Surface roughness also increases the laminar sub-layer (located immediately
above the surface) where there is no convection and so provides an insulating barrier
between the surface and the atmosphere (Oke 1987). Ferland and Rochefort (1997) found
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that Sphagnum established better in depressions than on ridges, also finding higher water
content and lower temperatures within depressions protected from the elements. Peat
blocks were used in this study to increase the surface roughness and amend the
topography.
The objective of this experiment was to determine the best surface treatment for
establishing Sphagnum fragments onto disturbed, exposed bare peat in the Hudson Bay
Lowland. The peat was disturbed by Argos used to travel within the peatland and by the
construction of pipeline that is buried within the peatland. The purpose was to conduct a
controlled experiment using weed-free commercial mulch, local mulch, companion
species and a topographical amendment to establish a Sphagnum carpet onto disturbed,
bare peat. Local and weed-free materials were used to eliminate any possibility of
introducing foreign species to the area.
The following hypotheses were tested:
1) the spreading of Sphagnum fragments is required to significantly increase the
number of Sphagnum capitula that establish, even if disturbed surfaces have mulch or
companion plant treatment and a mild phosphate fertilization,
2) mulch, companion plants or a topographical amendment (peat blocks) is
required to significantly increase the number of capitula that establish by providing
protection from high midday temperatures and low vapour densities during the growing
season,
3) local mulch or local companion plants will provide conditions to establish and
grow introduced Sphagnum fragments equally well to that provided by commercial
mulches, and
4) peat blocks will change the surface roughness and reduce water loss from the
peat surface providing a cool, moist environment for the establishment of introduced
fragments.
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Methods
Study area
The study was conducted at De Beers Victor Mine (52o49’15”N, 83o53’00”W) in
the Hudson Bay Lowland region (Figure 1). Annual precipitation is 614.8mm, mean
annual temperature is -1.2°C with mean daily temperatures ranging from -22.3°C in
January to 17.2°C in July (Lansdowne House station: Environment Canada 2008;
Appendix A). Climate data were taken from the Environment Canada weather station at
Lansdowne House (52o14’ N, 83o53’W) located 277km West-South-West (inland) from
Victor Mine. This station was chosen instead of coastal communities to better represent
climatic conditions because Victor Mine is located more than 100km from the coast.
Coastal communities are influenced by Hudson Bay and James Bay but Lansdowne
House is positioned inland from Victor Mine reducing coastal influence.
This experiment took place at two different sites. The first site was along an Argo
trail leading to the mining exploration camp that was abandoned in 2006 (Appendix B).
Eriophorum vaginatum has begun to establish both sporadically and naturally along the
abandoned Argo trail. The second site was along a buried pipeline (constructed in the
winter of 2006) closer to the Attawapiskat River running parallel to No Name creek
(Appendix B). The pipeline site had previously been disturbed by a natural fire
(approximately 30 years prior), resulting in a high number of lichens and shrubs around
the experimental site. Where the experiment was set-up was only disturbed bare peat.
Using the Field Manual for Describing Soils (University of Guelph 1985), the degree of
decomposition of surface peat at both sites was determined to be fibric (H2 on the Von
Post scale) on the exposed bare peat areas.
Vegetation assessments in adjacent undisturbed peatlands were measured in July
2008. A 0.32m2 circular quadrat was tossed 10 times in random directions along the
natural undisturbed vegetation at each experimental site. Species touching or within the
quadrat were identified and tallied.
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Figure 1. Regional location of De Beers Victor Mine within the Hudson Bay Lowland
(shaded area).
Experimental Design and Set-up
The experiment was set up as a complete randomized block design with six
blocks, two of which were at the Argo trail and four at the pipeline site. Each block
consisted of seven 4m2 (2m x 2m) plots arranged randomly approximately 30cm apart in
two rows. Plot surfaces were first flattened with boards to minimize microtopography.
Two Sphagnum species, S. fallax, and S. fuscum, were spread on each plot
simultaneously except on the control plots. These species were chosen because S. fuscum
commonly grows at the top of hummocks, whereas S. fallax is usually found surrounded
by more water in the hollows of peatlands. The donor sites were chosen based on the
homogeneity of species within the area. A criterion of the donor site was that the area
must contain greater than 90% of S. fallax or S. fuscum. Blocks 25cm by 50cm and 5cm
deep of S. fallax and S. fuscum were collected by hand. The donor sites were located in
proximity to the abandoned winter runway at the Victor Mine. Each species was collected
and spread onto all plots at a ratio of 1:16, except for the control treatment. The ratio
implies that 1m2 of total fragments collected would cover 16m2 of bare peat (ratio 1:16
includes both species).
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The seven treatments in this experiment included; 1) no Sphagnum fragments and
no mulch, companion plants or peat blocks (control); 2) Sphagnum fragments with no
cover 3) Sphagnum fragments with commercial coconut mulch; 4) Sphagnum fragments
with commercial straw mulch; 5) Sphagnum fragments with local sedge mulch; 6)
Sphagnum fragments with E.vaginatum tussocks transplanted at a low density; 7)
Sphagnum fragments with Eriophorum vaginatum tussocks transplanted at a high density
and; 8) Sphagnum fragments with peat blocks. The companion plants (E. vaginatum) and
peat blocks were applied before the spreading of Sphagnum fragments whereas the
mulches were added after spreading of fragments. Each plot within the experimental
blocks was treated with a rock phosphate fertilizer (formula 0-2-0 (NPK)) at a rate of
30g/m2 directly onto the introduced fragments. The rock phosphate fertilizer was
purchased at a local nursery. The application rate of this slow-release phosphate fertilizer
amendment was similar to that in protocols in the Peatland Restoration Guide (Quinty &
Rochefort 2003). Each fertilizer dose in the guide contained 4% available and 32% total
phosphorus. These fertilizer amounts used in the HBL were calculated based on the
percentages of available and total phosphorus.
Commercial coconut mulch was supplied by De Beers Canada as a standard roll
2m x 40m and cut in 2m x 2.5m squares to cover the plots. The coconut mulch was
readily available on the mine site and was considered to be weed-free with a low risk for
introducing foreign species. This roll manufactured by Terrafix is labelled Terrafix C32
and is 100% coconut fibre stitched between black UV stabilized photodegradable
polypropylene nets with a mesh size of 1.59 x 1.59cm. The coconut fibre is applied to the
net at a minimum of 270g/m2. The functional longevity of the blanket is 24-36 months
depending on moisture, light and environmental conditions.
Commercial weed-free straw mulch was purchased as a standard matted roll (one
sided biodegradable mesh; 2m x 40m) and cut in 2m x 2.5m squares to cover the plots.
Straw was chosen to be tested because it is proven to be the most successful mulch for
establishing introduced fragments in past studies (Quinty & Rochefort 2003). This roll
was manufactured by Terrafix and labelled Terrafix S31 and is more widely used as an
erosion control blanket. S31 is 100% agricultural straw stitched to one photodegradable
polypropylene top net with a mesh size of 1.49 x 1.3cm. The straw is applied to the mesh

25

at a minimum of 270g/m2 (calculated to 2700kg/ha). The functional longevity of the top
net is 3-12 months depending on moisture, light and environmental conditions.
Local sedge mulch was prepared by cutting leaves and stems of Carex aquatilis.
A large patch of Carex aquatilis growing near the experimental sites was chosen as the
donor site for the local mulch. An area of 1m x 1m of C. aquatilis of an average height of
60cm was harvested and spread onto the 2m x 2m plots containing the Sphagnum
fragments. This mulch was chosen because it grows locally and most closely resembles
straw mulch when applied to the peat surface.
Eriophorum vaginatum tussocks were harvested from the winter runway and
transplanted into a high and low density treatment. The companion plants were harvested
by digging the roots out using a spade to an approximate depth of 30cm, leaving an area
around the roots estimated at 30cm in diameter, assuring minimal root damage. Other
physical characteristics such as, base diameter, canopy from base and height were
measured to standardize tussock size (Figure 2). E. vaginatum tussocks had a mean base
diameter of 10cm, with the canopy from the base measuring 7.5cm, and a height of 38cm.
Each tussock was placed with their bases approximately 50cm apart in the low density
treatment and 25 cm apart in the high density treatment. Before planting, bone meal
fertilizer was added to the bottom of the hole where the tussock was immediately
transplanted. E. vaginatum was chosen as the companion species for this experiment
because it is easily transplanted and grows well in disturbed areas. Their thick tussock
base has the potential to provide a protective cover for establishing fragments.
Peat blocks were harvested from a top-cut bare hummock using a serrated knife.
Blocks of approximately 20cm length x 10cm width x 12cm depth were collected, then
placed systematically in a staggered pattern so that they were approximately 50cm apart.
Five rows of five peat blocks for a total of 25 were used for each 2m x 2m plot. Peat
blocks were chosen as a topographical amendment to increase the surface roughness, in
an attempt to alter the temperature and moisture conditions within the microenvironment
of the introduced fragments. Fragments were sown after the blocks were placed so that
fragments resided in between, next to and on top of the blocks.
All experimental plots were set up and fragments introduced by August 6th 2007.
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Figure 2. Schematic drawing of an Eriophorum vaginatum tussock plant showing the
characterising measurements.

Experimental measurements

Depth to the water level was monitored throughout the 2007 and 2008 growing
seasons using wells positioned at opposite corners of each experimental block. Wells
consisted of nylon-covered PVC piping with 0. 5cm holes drilled at 1 cm intervals. The
wells were pushed into the peat as deep as possible and infiltration of the ground water
was allowed for a minimum of 72 hours before water levels were tested. Water levels
were measured using a measuring tape with exposed wires at the end, connected to a
buzzer. A second measurement outside the PVC pipe from the top of the pipe to the peat
surface was recorded. Depth of the water table was calculated by subtracting the height of
the PVC pipe above the surface from the depth of water within the PVC pipe.
Frost depths were also measured throughout 2007 and 2008 in each experimental
block by pushing a galvanized steel pipe into the peat until a frost layer was reached. The
length of the pipe inserted into the peat from the peat surface to the frost level was
measured using a measuring tape.
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HOBOware (model Pro v2) external temperature and relative humidity
dataloggers were placed under the mulches and within the companion covers to measure
the relative humidity and temperature near the surface. A steel staple was placed over top
but not touching the sensor under the mulch covers to prevent the treatments from
contacting the sensor. Each sensor was placed within 5mm of the peat surface. Vapour
density was calculated afterwards using a temperature-vapour density-relative humidity
diagram (Appendix C; Campbell 1977). Temperature and relative humidity were
measured only once over a 24hr period on June 20 2008 on a hot, dry and sunny day to
test the most extreme climatic conditions presented above the covers. Radiation error
with respect to the size of the HOBOware sensor was tested and found to be insignificant
(Appendix D).
Climate data were measured and recorded on June 20 2008 on De Beers Victor
Mine property by the University of Waterloo’s climate station. Temperature and relative
humidity were recorded 3m above the ground. Vapour density was calculated afterwards
using a temperature-vapour density-relative humidity diagram (Appendix C; Campbell
1977).
Albedo measurements were taken between 1200 and 1300hr on July 18 2008 on a
clear cloudless day with a radiometer (Licor L-185). With the sensor held at the end of a
metre stick at 1 m from the ground, and away from objects, the light sensor was used to
measure incoming radiation (facing upwards), then turned over to measure reflected
radiation from the ground then turned, facing upwards to obtain a second value for
incoming radiation. Albedo was calculated as the mean of the reflected shortwave
radiation to the mean of the two incoming shortwave radiation measurements.
Surface microtopography was measured for each treatment in one block in May
18 2008 and again July 22 2008 to test for frost heave. A baseline wire was set up above
the ground by bending a wire in two places to make two 90 degree angles then inserting
both ends at least 30cm into the ground and levelled the wire using a level (Figure 3). The
height of the wire from the ground was recorded at 15 1-cm intervals along the wire using
a pin hanging loosely from a 15cm ruler. Beginning always on the same side of the wire,
the pin was dropped to the ground surface until it touched the height of the ground
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surface was recorded where the wire was touching the ruler. The wires remained in place
until the final measurements were recorded in July 2008.

Figure 3. Schematic drawing portraying the method for measuring frost heaving by
obtaining topographical measurements of the peat surface for each treatment within one
block at the pipeline site.
Gravimetric water content was taken from all experimental plots by sampling
surface peat using a 5cm round sampler with a depth of 0.5cm depth. Each sample was
held in a sealed plastic bag. The fresh mass was measured immediately followed by 24
hours of oven drying at 105°C.
Six water samples were taken; two samples adjacent to the experimental block 1
and 3 and one water sample was taken within two separate experimental plots (no cover
treatment and high density E. vaginatum) along the pipeline site. Two additional water
samples were taken on the same day at each block at the abandoned Argo trail site on
July 22 2008. Water was squeezed out of the peat directly into sanitized containers. Nonlatex gloves were worn to avoid contamination and samples were processed within three
days. Appropriate samples were acidified with 15ml of nitric acid immediately after
collection. The Elliot Research Station of Laurentian University processed each sample
and delivered results by following standard GLP protocols, with replicate analyses of
routine and spiked samples to ensure analytical precision and accuracy. Chemistry
parameters included; pH and conductivity was measured using a meter, elements (Al, B,
Ca, Fe, K, Mg, Mn, Na, P (total) Zn) using ICP-AES (ultrasonic) methods, anions
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(chloride, sulfate, nitrate, and phosphate) using Ion Chromatography method, total
Kjeldahl nitrogen (TKN) and ammonium was measured using Ion Selective Electrode
method and total nitrogen was calculated. The Elliot Research Station of Laurentian
University is ISO 17025 accredited by the Canadian Association of Environmental
Analytical Laboratories.
Numbers of capitula of the introduced Sphagnum fragments were counted to
measure the initial density on August 27 2007 and final establishment on August 26
2008. An additional capitula count was performed on June 16 2008 to ensure there was
no mortality by the final count in August 2008. The numbers of capitula of the Sphagnum
fragments were counted within a 12.5cm x 12.5cm subplot in six different areas in the 2m
x 2m experimental plot. Each area was marked using wooden skewers so that the number
of capitula could be recounted in the following spring (June 2008) and fall (August
2008).
The total numbers of vascular stems were counted in each entire plot in July 2007
and again in July 2008 before any Sphagnum fragments were introduced. Each vascular
plant was identified and quantified as number of stems. Where ever plants were possibly
attached by a rhizome they were counted as one.

Data Analysis
Univariate analysis of variance was used to test differences between treatments
for gravimetric water content, frost depths between treatments, number of capitula and
number of vascular stems. . Block was a random factor and treatments were fixed.
Interactions between blocks and treatments were not included in the model. Capitula
counts were tested separately for each date. Tukey’s post hoc was performed to test
differences between each treatment. All statistical tests were conducted using the GLM
procedure of SPSS 17.0 for Windows.
Principal component analysis was performed to simplify the dimensions of the
chemical variables measured at the Argo trail and pipeline sites. Analysis of Similarity
(ANOSIM) and non-metric multidimensional scaling (NMDS) was used to test site
differences in species composition in adjacent natural vegetation between the Argo trail
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and pipeline sites. Bray-Curtis Similarity measure was used within the ANOSIM test.
ANOSIM and NMDS were performed using PRIMER software (PRIMER-E 2008).

Results
Water chemistry was slightly different between the pipeline and Argo trail sites (Table 1),
however; the principal component analysis did not separate the two sites as different
(Figure 4). The first two principal components (Table 2) explained 66% of the variance.
Component 1 (λ=7.194, %variance explained=38.0) was loaded for Ba, Ca, Cd, K, Mg,
Mn, P, Si, Zn and conductivity representing access to minerals. These elements and
nutrients had higher levels at the pipeline site than the Argo trail site (Figure 4). Block 1
at the pipeline was separated from all the other samples and tested higher on the second
component (λ=3.854, %variance explained=28.2).
Vegetation communities between the two sites were different. The Argo trail site
had two more species than the pipeline site with respect to species abundance (Figure 5).
Similar species diversity and evenness values were demonstrated for both experimental
sites. Based on the ANOSIM analyses, species composition differed significantly
between the pipeline and Argo trail site (R=0.379, p<0.001%, # permutations = 99999;
Figure 6). Figure 6 represents the two experimental sites and the different coloured
triangles represent their vegetative communities. The distinct separation of the two
colours of triangles suggest a difference between the vegetative communities. The Argo
trail site contained different species to those at the pipeline site, included: Picea mariana,
Chamedaphne calyculata, Vaccinium oxycoccus, Scheuchzeria palustris, Carex limosa,
Cladina stellaris, C. rangiferina and Sphagnum fuscum. Common species characteristic
of the pipeline site were: Chamaedaphne calyculata, Ledum groenlandium, Vaccinium
myrtilloides, Drosera rotundifolia, Sphagnum russowii, S. rubellum, Polytrichum sp.,
Mylia anomala, Cladina mitis, Icmadophila ericetorum, and Cladonia sp.
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Table 1.Water chemistry analysis comparisons of the two experimental sites.
Pipeline n=4
Component

Argo trail n=2

Mean

Max

Min

Mean

Max

Min

5.18

6.84

4.18

4.85

5.60

4.09

122.93

240

42.60

45.00

56.60

33.40

NH3 (mg/L)

0.44

1.11

0.11

0.12

0.15

0.09

Total N (mg/L)

3.88

8.89

1.72

1.81

2.01

1.6

TKN (mg/L)

3.49

8.50

1.33

1.42

1.62

1.21

Nitrate (mg/L)

0.55

2.09

0.02

10.91

21.20

0.62

Total P (mg/L)

1.48

2.86

0.49

0.47

0.65

0.28

Phosphate (mg/L)

0.95

2.40

0.28

0.33

0.42

<0.2

K (mg/L)

11.60

23.14

7.32

10.38

18.40

2.00

Ca (mg/L)

157.11

253.89

98.97

42.31

70.03

14.59

Mg (mg/L)

2.56

6.53

0.60

0.54

0.53

0.55

404.57

2400

1.67

48.18

92.0

4.35

pH
Conductivity (us/cm)

Sulphate (mg/L)
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Figure 4. Principal component analysis for water chemistry comparing the pipeline and
Argo trail sites.
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Table 2. Water chemistry correlations with original variables for the two primary
components (or axis).
Components
Axis 1
Axis 2
.420
.365
Al
.984
.035
Ba
.910
.304
Ca
.851
-.269
Cd
.691
-.287
Cu
-.231
.896
Fe
.605
-.082
K
.982
-.134
Mg
.985
-.140
Mn
.403
.895
Na
.703
-.473
Ni
.544
-.398
P
.060
.991
Pb
.856
-.369
Si
-.002
-.406
Tl
.911
.324
Zn
.012
.964
Chloride
-.532
.008
Nitrate
.187
.813
Phosphate
.049
.989
Sulphate
-.240
-.085
pH
.824
-.026
Conductivity
.619
.754
NH3
.083
-.221
Conc N
.083
-.221
TKN
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Figure 5. Species rank/dominance curve identifying the dominance and abundance within
each site.

Figure 6. Non-metric multiple dimensional scaling plot indicating the two different
vegetative communities between the sites (Stress = 0.19).
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Frost depths were significantly different between blocks and treatments (Table 3).
The differences in frost depth at both the Argo trail and pipeline sites showed a variable
frost depth between each block, not between each site (Figure 7). Block two (A2) at the
Argo trail site had a lower mean frost depth than block one (A1). Block four (P4) at the
pipeline site had the lowest mean frost depth compared to the other three at that site.
Frost depth measurements comparing each treatment showed that high density E.
vaginatum treatment had significantly lower frost level below the surface than straw
mulch, C. aquatilis cuttings, coconut mulch and peat blocks (P<0.05) (Figure 8).
Overtime, frost depths were closest to the surface in May and furthest from the surface in
the month of August showing a gradual melt throughout the growing season (Figure 9).
Water table levels at the pipeline site were much lower than at the Argo trail site
(Figure 10). Each block showed a variable water table level with each site. Over time, the
month of August had the lowest water below the surface and June had the highest water
table, sometimes flooding above the surface (Figure 10). The water table increased from
August 2007 to November 2007 as the “rainy season” began to taper off before the frost
(Figure 10). Overall, the water table was never lower than 45cm from the surface at either
site.
Gravimetric water content was significantly higher at the Argo trail site than the
pipeline site (Figure 11, Table 4). No difference in gravimetric water content was found
between treatments. Water content was higher in the month of July 2008 than in August
2008 (Figure 12), but no significant differences between treatments were found (Table 4).

Table 3. Univariate ANOVA for frost depths measured in August 2008 in each treatment.
Source
Treatment
Block
Error

d.f.
7
4
35

MS
545.559
938.880
127.402

F
4.282
7.369

P
0.002
0.000
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Figure 7. Mean depth to frost within each block located at the pipeline (P) and Argo trail
(A) sites (±SE).

Figure 8. Mean depth to frost from the surface (0cm) for each treatment (±SE) between
August 2007 and 2008. Treatments include control (CON), no cover (N), two commercial
mulches: coconut (CO) and straw (S), one local: Carex aquatilis sedge mulch (CA), one
companion plant (E. vaginatum) transplanted at high (HD) and low (LD) density and peat
blocks (PB).
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Figure 9. Mean depth to frost measured from the surface (0cm) for each block at each site
over time (±SE). Frost depths were measured in two fixed areas for each block at each
sampling date.
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Figure 10. Mean water table level measured from the surface (0cm) over time for each
block (±SE). Water table means were measured in two fixed areas per block at each
sampling date.

Table 4. Univariate ANOVA for both the July and August 2008 gravimetric water
contents.
July 2008
August 2008
Source

d.f.

MS

F

P

MS

F

P

Treatment
Block

7
4

4.473
40.557

0.870
7.886

.542
.000

0.459
26.165

1.858
105.918

.115
.000

Error

28

5.143

0.247
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Figure 11. Mean gravimetric water contents for each block (±SE). Each block was tested
separately for each date. Data were lost for block P2 in July 2008. A = Argo trail and P=
Pipeline represent the two different sites.
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Figure 12. Mean gravimetric water contents for each treatment (±SE). Treatments are
labelled as in Figure 8.
Albedo measurements for each treatment were variable. The dark bare peat
control plot had the lowest albedo. No cover (N) treatment and low density E. vaginatum
(LD) had higher albedos than the control and peat blocks. Carex aquatilis cuttings (Ca),
High density E. vaginatum (HD), straw (S) and coconut (Co) mulch had the highest
albedo (Figure 13).
Air temperature at Victor Mine (3m above the ground surface) was much cooler
during the day and warmer at night than the microclimate temperatures near the peat
surface. At night and early morning, the temperature near the peat surface (5mm above
the ground) became cooler than the air temperature (Figure 14). Although temperatures
near the peat surface were somewhat variable between both the Argo trail site and the
pipeline site, the trends were generally similar.
Temperatures near the peat surface under the mulches and randomly within the
companion plants and peat blocks are presented as residual temperatures (Figure 15).
The residuals were calculated from the plot containing no fragments and no cover (Figure
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14). The centre line of each temperature figure for each treatment represents the plot
containing no fragments and no cover. Coconut (Figure 15a) and straw (Figure 15b)
mulch had cooler temperatures than the plot with no fragments and no cover near the peat
surface. High density, low density (Figure 15d) companion plants and peat blocks (Figure
15f) altered the temperatures near the peat surface, however; variability provided
consistently higher daytime temperatures to the introduced fragments, reacting similarly
to the absence of a cover (Figure 15g). With fragments present but no cover, temperatures
generally remained slightly higher than no fragments and no cover (Figure 15g). Plots
with straw, C. aquatilis cuttings and high density E. vaginatum had microclimate
temperatures that were less variable during the daytime. The nights on these plots (straw,
C. aquatilis cuttings and high E. vaginatum) were similar or slightly warmer (Figure 15),
and the temperatures near the surface during the daytime were generally cooler than the
plot with no fragments and no cover (Figure 15d, c and e).
Vapour density (VD) was much lower 3m above the peat surface than near the
peat surface during the daytime at either site (Figure 16). VD 3m above the surface
tended to become slightly higher than VD near the peat surface toward the evening and
during the night (Figure 16). Vapour density near the peat surface was higher during the
day and lower during the night. VD 3m above the ground was lower during the day and
higher at night (Figure 16). Overall, both the Argo trail site and pipeline site had similar
trends, showing a much higher VD during the day, lowering toward the evening and over
night.
Vapour density for each treatment is also presented as residuals from the plot
containing no fragments and no cover. The centre line of each treatment represents this
plot. VD measurements near the peat surface were variable within treatments and
between experimental sites. Coconut mulch and high density E. vaginatum had variable
VD measurements during the day, dropping lower than the no fragment and no cover plot
in the night and early morning (Figure 17a & 17e). Straw mulch, C. aquatilis cuttings
and low density E. vaginatum treatments had higher VD at night and early morning and
became lower than the no fragment and no cover plot during the day (Figure 17b,c, &d).
Peat blocks and the plot with fragments but no cover was variable during the day and
between experimental sites (Figure 17f & 17g). During the day, VD for the peat block
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treatment was generally lower at the pipeline site but generally higher at the Argo trail
site (Figure 17f). The plot containing fragments with no cover had generally lower but
very variable VD measurements during the day; the pipeline site yielded lower VD than
the Argo trail site (Figure 17g).
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Figure 13. Albedo measurements taken for each treatment (±SE). Treatments as labelled
in Figure 8.
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Figure 14. Temperature measurements on June 20 2008 near the peat surface (5mm
above the surface) for the no fragment and no cover plots at the Argo trail and pipeline
sites compared to air temperature at the UW climate station at Victor Mine (3m above the
surface).
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Figure 15. Residuals calculated from temperature data of the no fragment no cover
treatment near the surface at the Argo trail (black) and pipeline (grey) sites. Temperature
near the surface was measured at one block per site chosen at random.
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Figure 16. Vapour density measurements measured on June 20 2008 near the peat surface
(5mm above the surface) for the no fragment and no cover plots at the Argo trail and
pipeline sites as compared to the UW climate station at Victor Mine (3m above the
surface).
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Figure 17. Vapour density residuals for each treatment measured near the ground at the
Argo trail (black) and pipeline site (grey).
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Straw mulch had the least amount of frost heaving indicating the least amount of peat
surface movement (Figure 18). Low density companion plant E. vaginatum, C. aquatilis
local mulch and the control plot with no fragments and no cover had the most frost
heaving. High density E. vaginatum and peat blocks had better prevented frost heaving
more effectively than low density E. vaginatum (Figure 18). Standard deviations for all
treatments except for coconut mulch was found above the 1:1 ratio line indicating that
there was more surface roughness in May than in July (Figure 19).
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Figure 18. Difference between mean topographical measurements along the wire in May
2008 and July 2008 for each treatment. Measurements are an indication of ground
movement (frost heave). Means were calculated between each increment along one wire
placed in each plot of one block at the pipeline site. Treatments as labelled in Figure 8.
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Figure 19. Standard deviation of the topographical measurements between each
increment on the wire for each treatment. Standard deviations above the 1:1 line are
considered to have more frost heaving in May than in July. Treatments are labelled as in
figure 8.
Despite the differences in conditions, Sphagnum growth did not respond
differently between blocks and there was no significant interaction (Table 5). The number
of capitula was significantly different between treatments for both the initial (August
2007) and final (August 2008) density counts (Table 5). The number of capitula was
significantly lower in the plots containing no fragments and no mulch for both the initial
(in August 2007) and final counts (in August 2008) (Figure 20). Otherwise, all mulch,
peat block and companion plant treatments were not different from the treatment that
received fragments but no cover. High density E. vaginatum presented a slightly higher
capitula count than any of the companion covers and C. aquatilis cuttings had higher
numbers of capitula than all other mulch covers for the final count in august 2008, but
these differences were not significant. Furthermore, high density E. vaginatum had a
lower number of capitula than C. aquatilis cuttings. The number of capitula increased
from June 2008 to August 2008 demonstrating growth during the 2008 growing season
(Figure 20).
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The introduction of fragments presented no significant difference between using
mulch, no mulch, companion plant cover or topographical amendment (peat blocks).
Pronounced growth over one year time was shown in the final capitula count in August
2008 compared to the initial count in August 2007. All treatments that received fragments
and the plots that did not receive fragments had growth over one year. Between the mulch
treatments (straw mulch, coconut mulch and C. aquatilis cuttings), plots with no cover,
and local C. aquatilis cuttings had the highest capitula counts. The high density
companion plant treatment had the highest capitula counts between the companion covers
and topographical amendment (peat blocks).
An increase in vascular stems was demonstrated from July 2007 to July 2008
(Figure 21). The total number of vascular stems counted in each plot for this study
increased by 239 vascular stems from the initial count in July 2007, within the one year
duration of this experiment.
Table 5. Univariate ANOVA for both the August 2007 (initial) and August 2008 (final)
capitula counts.
August 2007
August 2008
Source
d.f. MS
F
P
MS
F
P
Treatment
7
1729.453 30.671 .000
2861.134
9.949
.000
Block
5
169.408
3.004
.023
1007.670
3.504
.011
Error
35
56.387
287.583
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Figure 20. Mean number of live Sphagnum sp. capitula grown over time for all treatments
(±SE). Three counts were measured; August 2007(Initial), June 2008 and August 2008
(Final). Treatments are labelled as in Figure 8.
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Figure 21. Mean number of vascular plant stems counted in each plot for all treatments
(±SE). The stems were first counted in July 2007 and another count was made in July
2008.
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Discussion
Results showed that the spreading of Sphagnum fragments is required to
significantly increase the number of capitula that establish onto disturbed bare peat. This
is not surprising since reintroducing Sphagnum mosses is required to rehabilitate a
Sphagnum cover onto bare peat in southern Quebec (Quinty & Rochefort 1997;
Rochefort et al. 2003; Ferland & Rochefort 1997; Cobbaert et al. 2004).
Protocols we developed for restoring a Sphagnum cover in the Hudson Bay
Lowland differed slightly from those used in Southern Quebec. Although the techniques
used in this experiment were replicated from Quinty and Rochefort (2003), my results
demonstrated no significant difference in the number of capitula that grew from
introduced Sphagnum fragments between using no cover, commercial mulches, local
mulches, a companion cover or a topographical amendment.
Microclimatic factors appear to be responsible for the lack of difference between
treatments. Price et al. (1998) found that by increasing albedo by using straw mulch,
incident shortwave radiation was reduced and so temperature within the straw mulch was
lower during midday than over bare exposed peat. In this study, extreme temperatures
during the hottest part of the day may have been avoided for the experimental plots
containing introduced fragments but no cover primarily due to a higher albedo (more
reflected radiation) and moist conditions. Albedo increased in plots containing only
fragments due to more radiation being reflected off the green and yellow colour of the
Sphagnum fragments. In comparison, the control plot had the lowest albedo primarily
caused by the dark colour of the bare peat (Appendix E (Figure E-3)).
Vapour density (VD) near the ground was higher in the air during the late evening
and morning, moving water toward the bare peat surface replenishing any lost water
during the harsh conditions of midday. This cycle may have been crucial in the
maintenance of optimal growth conditions for the introduced Sphagnum fragments.
Surface evaporation is driven by the drying power of air when both the surface and air are
at the same temperature (Oke 1987). Cool temperatures at night allowed the air to
become saturated (assuming that vapour content remained the same) and in turn, forced
water in the air down towards the surface recharging the moisture near the surface (Oke
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1987). Vapour density gradient patterns continued with these cover types as moisture was
lost during midday but replenished during the night and early morning hours. Quinty and
Rochefort (1997) discovered that moisture conditions may be more important than
microclimate conditions when they found that introduced Sphagnum species had greater
success in depressions than on ridges where introduced species were closer to the water
table.
A low water table position was found to be the primary reason for dry conditions
and the desiccation of introduced Sphagnum fragments in Quebec (Quinty & Rochefort
1997). Water table position was higher in the HBL compared to mined peat fields in
southern Quebec, rarely measuring below 40cm from the surface (Figure 3 & 4). Lavoie
et al. (2005) suggested that a water table positioned 40cm below the surface is a threshold
to successfully rehabilitate a Sphagnum cover. Our experimental sites had a relatively
high water table that fluctuated seasonally measuring from 5cm above the surface at the
Argo trail site to approximately 32cm below the surface at the pipeline site. In
comparison, water table levels in abandoned peat mine fields were much lower,
measuring 107cm below the surface on drained sites (Price 1997). However, recovered
sites where drainage ditches were blocked to raise the water table in Quebec may have
water table levels measuring from approximately 19cm (Petrone et al. 2004) to well
below 40cm (Price 1997; Price et al.1998). Price (1997) suggested that a high water table
position is related to increased soil moisture near the surface. A high water table
decreases water retention, enabling capillary action within disturbed peat, moving water
toward the surface and increasing peat moisture (Price 1997).
Water content of the peat surface differed significantly between sites but not
between treatments, presenting no significant effect on Sphagnum establishment. A
higher water table at the Argo trail site may have caused the significantly higher peat
water content, agreeing with Price (1997) that water content is positively related to water
table.
Frost depths were variable along each experimental site. Nevertheless; frost
depths had no significant effect on Sphagnum growth. Other studies suggested that
mulches decreased the rate of frost melt by keeping temperatures beneath the mulch low
(Price et al. 1998; Price 1997). One of the primary differences between studies in
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southern Quebec on abandoned peat mine fields and disturbed peatlands in the HBL is
the presence of discontinuous permafrost in the HBL. The presence of frost during the
warmest months in the HBL may contribute to lower temperatures in the peat, but
without an effect on the numbers of capitula that grew. The only beneficial and
noticeable difference in the experiment using coconut mulch, straw mulch or a
companion plant such as E. vaginatum (although it had no effect on the establishment of
introduced fragments) is a decrease in frost heaving. Past studies have shown that frost
heave prevention is critical to the establishment of Sphagnum fragments (Groenveld &
Rochefort 2002; Groenveld & Rochefort 2005). Needle ice and other frost movements of
the substrate can prevent adequate fragment contact with the bare peat required for the
growth of Sphagnum species (Quinty & Rochefort 1997); although in this study frost
heave did not significantly affect the numbers of capitula that grew. The success of
Sphagnum species and vascular plant establishment has repeatedly favoured straw
mulched sites in many past experiments because of its ability to regulate the microclimate
and alleviate frost heaving (Price et al. 1998; Quinty & Rochefort 1997).
Slight differences between the two experimental sites had no effect on the number
of capitula that grew from the introduced Sphagnum fragments. Water chemistry differed
slightly in pH and conductivity between sites explaining the different vegetative
communities at each site. Although the principal component analysis did not separate the
two sites as different, the differences in water chemistry would predict that each site
would have different vegetative communities and Sphagnum carpet (Foster 1984). Many
studies have characterized peatland types based on the peat and water chemistry of the
area (Vitt & Chee 1990; Bragazza & Gerdol 1999; Bragazza et al. 2005), which indicates
that vegetation and bryophytes respond to different chemical conditions. Vegetation
responds to differences in the nutrient concentrations and bryophytes respond to
differences in acidity (pH), calcium and magnesium (Vitt & Chee 1990). According to
Vitt and Chee (1990) conductivity of the two sites was generally characteristic of a poor
fen. Although the higher conductivity values at the pipeline site may be characteristic of a
rich to extreme-rich fen (Vitt & Chee 1990). Conductivity results at the pipeline may be
due to water movement across the site into No Name creek situated parallel to the
pipeline. Calcium was highest at the pipeline site suggesting that perhaps the water had
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contact with calcareous rock or soil (Table 2). With the exception of S. squarrosum, S.
teres and S. fimbriatum, Sphagnum species cannot survive in calcareous water (Clymo &
Hayward 1982). Major sources of calcium in the experimental region of the pipeline site
are, the limestone road, and a small bioherm. The high calcium could also be the source
of the higher pH. Nevertheless, the establishment of Sphagnum species was not affected
by the higher pH and calcium measurements. The numbers of Sphagnum capitula were no
different at the Argo trail site when compared to the pipeline site.
In conclusion, our results from this study indicated that due to the present
conditions of the experimental sites no cover is required in the Hudson Bay Lowland
unlike the straw mulch needed in southern Quebec to regenerate a Sphagnum cover on
bare peat. Furthermore, the active introduction of Sphagnum fragments from a donor site
is necessary to obtain successful short term results. Despite differences between sites
similar numbers of capitula grew at both the Argo trail and pipeline sites. This study’s
results may have been limited by time. Due to the short growing season in the HBL,
another season of data collection would certainly have been worthwhile to confirm
further the success of the establishment of introduced Sphagnum fragments and the
natural establishment of vascular stems.
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CHAPTER 3: Exploring requirements for a phosphate
fertilizer and straw mulch amendments when
establishing introduced Sphagnum fragments and local
grasses
Peatlands mined in southern Quebec are significantly changed because of the
physical extraction of the peat. The area is drained of its natural water table by creating
parallel drainage ditches (Quinty & Rochefort 2003). Conditions on mined peat fields are
dry (low water table and low peat water content), hot (low albedo) and the peat is well
decomposed and shallow in depth due to the removal of the fibric surface layers (Quinty
& Rochefort 1997; Quinty & Rochefort 2003). Protocols for peatland disturbances on
abandoned mine fields in southern Quebec include; peat surface re-shaping, water level
management, fragment introduction from a local donor site, and the use of amendments
such as straw mulch and phosphate fertilizer to establish peatland species onto these
mined peatlands (Quinty & Rochefort 2003).
In the Hudson Bay Lowland (HBL), peatlands are sometimes buried with mining
waste and must be restored as uplands. However peatlands that are restorable have less
severe disturbances than in southern Québec. Examples at the Victor Mine include allterrain vehicle trails and buried pipelines. All-terrain vehicle trails destroy peatland
vegetation and stir up surface peats, leaving peatlands devoid of any surface vegetation.
Pipelines on the other hand are buried within the peat so peats are disturbed to greater
depth. They are dug in the winter once the frost has hardened the ground. A trench is
excavated in the peatland, the pipeline constructed and the trench is backfilled with peat,
including fibric peat with vegetation from the acrotelm layer. For peatlands disturbed by
either vehicle trails or pipelines, surface peats are disturbed and vegetation is destroyed or
buried, but the hydrological conditions are similar to adjacent areas so surface conditions
remain moist, unlike mined peatland to the south. Surface peats are also fibric in nature,
unlike mined peatlands in southern Québec. Furthermore, the cool subarctic climate is
different from that in southern Québec. Although water table manipulations are not
necessary in these cases, questions remain as to whether plant fragment introductions,
mulches and fertilization are required in the HBL.
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Mulch protects the peat surface from hot and dry conditions by decreasing
temperatures and evaporation. Quinty and Rochefort (1997) tested several types of
mulches to reduce the drying affect when establishing Sphagnum fragments and found
that a loose form of straw mulch achieved the best result. Straw is readily used in
peatland restoration practices by the Peatland Ecology Restoration Group (PERG) in
southern Quebec and temperate New Brunswick (Cobbaert et al. 2004; Rochefort et al.
2003; Quinty & Rochefort 2003). Straw (in the form of bales) is separated and spread in
large quantities using a mechanized straw spreader (Quinty & Rochefort 2003). The
amount of straw that is spread onto introduced fragments is crucial to the success of
establishment; too little straw provides no protection and too much retards growth
(Quinty & Rochefort 2003). The optimal amount applied onto mined peat fields is 3000
kg/ha (Quinty & Rochefort 2003). Straw creates an air layer that maintains low midday
temperatures and high humidity to help establish Sphagnum mosses (Quinty & Rochefort
2003). Straw mulch covers offer many other benefits; increased water infiltration (Price
et al. 1998), decreased frost heaving, peat erosion prevention and protects fragments from
getting buried by loose fine peat (Campbell et al. 2002; Quinty & Rochefort 2003). Straw
mulch has been favoured by the Peatland Ecology Restoration Group for some time and
suggested that best results are obtained by using straw over all other mulch types (Quinty
& Rochefort 2003). Although straw mulch was proven in the literature to aid the
establishment of a Sphagnum cover, in the present study (Chapter 2) it was observed that
straw mulch had no significant effect and was not necessary in establishing introduced
Sphagnum fragments.
Phosphorus provides a crucial nutrient that was removed with the top layers due
to the extraction of peat during mining operations. Rock, phosphate fertilizer is released
slowly, continuously providing peatland species with nutrients during establishment. Bog
water is depleted of phosphorus because it is quickly used by other plants or bound in the
partially decomposed organic material (peat) (Wind-Mulder & Vitt 2000). The lack of
decomposition binds phosphorus to the organic carbon preventing mineralization thus
making the crucial nutrient unavailable (Walbridge & Navaratnam 2006). Clymo and
Hayward (1982) found the concentration of phosphate in bog water to be about 10 000
times smaller than other ground water sources. Furthermore, phosphorus concentration
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may be lowered in the absence of a vegetation cover (Wind-Mulder & Vitt 2000). The
addition of phosphate fertilizer is another crucial amendment when establishing peatland
species onto mined peat field in southern Quebec.
The objective of this experiment is to determine the importance of straw mulch
and phosphate fertilizer in the establishment of Sphagnum species and local grasses onto
disturbed peat in the HBL. We hypothesize that 1) the addition of phosphorus will
significantly increase the number of capitula and grasses that grow and 2) weed free
straw mulch will lower midday temperatures and increase vapour density that will
significantly increase the number of capitula and grasses.
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Methods
This experiment was located on a disturbed linear buried pipeline (Appendix B;
see Chapter 2 for a description of the study area). The experiment was set up on August
24 2007 as a randomized split-plot design within five blocks. Each of the five blocks
consisted of four main treatment plots and a control for a total of five 2m x 2m plots. The
treatments tested in the main plots were 1) mulch only, 2) fertilizer only, 3) fertilizer and
mulch combined and 4) no mulch or fertilizer.
Each main plot was divided into subplots of two equal halves, and was randomly
allocated either Sphagnum fragments or a commercial seed mix of native grasses. The
native grasses consisted of Calamagrostis canadensis (Canada bluejoint) and Agrostis
scabra (tickle grass) seeds. They were chosen because these two species grow naturally
in the area on peat substrates.
Commercial Calamagrostis canadensis and Agrostis scabra seeds provided by De
Beers Canada, were sown at a rate of 2.5g each for every experimental plot. The seeds
were applied using a salt shaker method in August 2007. The salt shaker was made from
a wide mouth 500ml plastic bottle. Approximately 25 holes 3/16” in diameter were
drilled in the lid of the bottle. 2.5g of each seed species were poured into the bottle and
the bottle then used as a salt shaker to apply the seeds onto each 2m x 2m plot. This
method allowed for a controlled and even distribution of the seeds.
The Sphagnum fragments consisted of an even mix of S. fallax and S. fuscum. The
donor sites were located in proximity to the abandoned winter runway (Appendix B).
Blocks 25cm x 50cm and 5cm deep of both S. fallax and S. fuscum were collected by
hand, separated as individual fragments, mixed together and placed onto a 2m x 2m plot
for each treatment. A criterion for the donor site was that the area must contain greater
than 90% of S. fallax or S. fuscum. They were spread at a ratio of 1:16, so that 1m2 of
fragments collected from a local donor site would cover 16m2 of bare peat.
Weed-free commercial straw (Terrafix S31) was used as the mulch for the
Sphagnum fragments and grass seedlings in this experiment to avoid introduction of alien
species. The straw was bought bound to biodegradable netting. It was easily cut into 2.5m
x 2.5m squares sections and placed onto the appropriate plot. The mulch was purchased
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as a standard 2m x 40m roll from OCP Construction Supplies in Timmins, Ontario as
described in chapter 2.
Granular rock phosphate fertilizer was used with a formula of 0-2-0 (N-P-K). The
methodology is based on protocols developed by the Peatland Ecology Restoration Group
(PERG) for restoration of mined peatlands. Each fertilizer dose in the PERG protocols
contained 4% available and 32% total phosphorus. This rate of application used as a
baseline to calculate the dose of phosphate fertilizer applied onto the experimental plots.
120g of rock phosphate was applied to the appropriate 2m x 2m treatment plot on top of
the Sphagnum fragments and seeds. The fertilizer was applied using the same salt shaker
method as for the seed application. The 120g of rock phosphate was poured into the
bottle and the bottle than used as a salt shaker to apply the fertilizer onto the treatments.
This method allowed for a controlled and even distribution of the fertilizer. The same
rock phosphate was used as in Chapter 2.
Temperature within 5mm of the peat surface was measured using a HOBOware
(model Pro v2) external temperature and relative humidity datalogger under the straw
mulch and within the control plot containing no fragments or amendment. The
measurements were taken on June 21 2008 on a clear sunny, hot day at around high noon
(between 1200h and 1300h). Relative humidity was measured using the same
HOBOware datalogger sensor as used for temperature and later converted to vapour
density using a temperature-vapour density-relative humidity diagram (Appendix C;
Campbell 1977). Temperature and vapour density residuals were calculated subtracting
values from each treatment from the values obtained in the plot with no fragments and no
treatment (control).
PVC pipe was converted into wells, as described in Chapter 2. The pipes were
pushed into the peat at one corner of each block to monitor water table levels before and
during the growing season. Infiltration of the ground water was allowed for a minimum
of 72 hours before water levels were measured as described in Chapter 2. Water table
depths were measured monthly throughout the 2007 and 2008 growing seasons.
Gravimetric water content in each plot was measured using the same technique as
in Chapter 2 and analyzed in early July and late August of 2008. Volumetric
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measurements were calibrated and measured in June using a WET sensor but due to
instrument failure, the data were not used for this analysis.
Frost depth was measured by inserting a galvanized steel pipe approximately
1.3cm in diameter into the peat. When the steel pipe made contact with the underlying
frost, the pipe was marked at the surface. The length of pipe that was inserted into the
peat was measured and recorded.
Initial densities of the introduced Sphagnum fragments were measured on August
27 2007 in a fixed 12.5cm x 12.5cm area by counting the number of capitula of each
fragment. The area was marked with small wooden stakes, and the exact same areas were
recounted on August 25 2008. Each quadrat within the plot containing Sphagnum
fragments was selected at random for the initial count.
All grass seedlings (both species) within a fixed 12.5cm x 12.5cm quadrat were
counted. The four corners of the quadrat area was marked using small wooden stakes to
ensure the same area was counted in the following year. An early summer count of the
grass seedlings was made on June 25 2008 and a final count of the seedlings was
recorded on August 25 2008. Each quadrat was selected at random within the plots
containing grass seedlings for the initial count.
Vascular stems were identified as individual stems that were not likely sharing
the same rhizome or rooting system. The term vascular stems for this experiment did not
include the grass seedlings. The number of stems of other vascular plant species was
counted within the whole 2m x 2m plots initially in July 2007 and finally in July 2008.
Univariate analysis of variance was used to test difference between treatments,
blocks and interactions for number of capitula, number of grasses and number of vascular
stems. Interactions with block were not included in the final model. The experiment was
run individually as two factorial experiments, one for the Sphagnum fragments and
another for the grasses. Separate analyses were conducted for the initial and final counts.
To obtain homogeneity of variance, data were square root transformed for the number of
vascular stems. All statistical tests were run using Proc GLM with SPSS 17.0 for
Windows.
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Results
Water table levels were higher in block 4 and 5 compared to all other blocks
(Figure 22). November and June presented water table levels closer to the surface than in
August.
Gravimetric water content presented no significant difference between blocks or
treatments (Figure 23, Table 6). Water content for each block in August was similar and
ranged within one gram water per gram dry peat.

Figure 22. Water table depth measured from the surface (0cm) for each block over time.

Table 6. Univariate analysis of variance for gravimetric water contents measured in
August 2008 for each treatment within four blocks.
Source
d.f.
MS
F
P
Block
3
0.164
1.558
0.266
Mulch
1
0.089
0.841
0.383
Fertilizer
1
0.088
0.831
0.386
Mulch*Fertilizer
1
0.084
0.793
0.396
Error
9
0.106
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Figure 23. Mean gravimetric water content for each block (±SE). July water content data
for block 2 and August data for block 5 was lost.
Temperatures taken on a hot, dry day of the summer solstice indicated that the
microclimate over bare peat (Figure 24) remained slightly cooler in the cooler parts of the
day (morning, evening and overnight) than under the straw mulch (Figure 25).
Temperatures under the mulch became periodically cooler than temperatures in the plot
without mulch or fragments during midday. Overall, the temperature near the surface
under the straw mulch was similar to temperatures near the surface when no mulch and
no fragments were present.
Vapour density (VD) was much higher near the peat surface than 3m above the
surface (Figure 26). During the evening and early morning, VD becomes increased at 3m
above the surface. Vapour density was much lower under the straw mulch compared to
near the surface of the plot containing no mulch and no fragments at midday (Figure 27).
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Figure 24. Temperature near the surface (5mm) and climate temperature (3m above the
ground) measurements for the plot containing no mulch and no fragments. Victor climate
data obtained from the Waterloo University’s climate station.
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Figure 25. Temperature residual near the peat surface measured under the straw mulch.
Residuals are calculated using the temperature near the surface for the plot containing no
fragments and no mulch.
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Figure 26. Vapour density near the peat surface for the plot containing no fragments and
no mulch over a 24 hour period.
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Figure 27. Vapour density residuals near the surface measured under the straw mulch.
Residuals were calculated from the VD near the surface of the no fragment no mulch plot
measurements.
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The number of capitula differed significantly between blocks by the end of the
experiment (Figure 28, Table 7). The number of capitula that grew was much lower after
the growing season compared to the initial density when introduced in 2007 indicating
that a large number of Sphagnum fragments did not establish (Figure 29). Initially in
2007, the plots containing fertilizer had significantly more capitula then plots that did not
receive a fertilizer treatment. Final capitula counts (August 2008) demonstrated no
significant difference between using a fertilizer or not, even though initially the counts
were significantly different, the final numbers indicated that fertilizer had no effect on the
number of Sphagnum capitula. Plots with straw mulch had slightly higher final capitula
counts than treatments without the straw mulch (P = 0.057; Table 7, Figure 29), but an
interaction was present (P = 0.065). An increased number of capitula for the treatment
containing no fertilizer with mulch suggested that the presence of mulch may be more
important than the addition of a phosphate fertilizer (Figure 29).
Numbers of grass seedlings were significantly different between the treatments
with a straw mulch cover and the treatments without cover (Table 8). A straw mulch
amendment produced significantly higher number of grass seedlings than those
treatments without mulch (Figure 30). The numbers of grass seedlings were significantly
lower in August 2008 than initially in June 2008 (Figure 30; Table 8). Although no
interaction was presented (Table 8), without the addition of a phosphate fertilizer straw
mulch produced a higher number of grass seedlings than when straw mulch was
combined with the phosphate fertilizer (Figure 30). No fertilizer effect was demonstrated
for this experiment.
The number of vascular stems was not significantly different between treatments
and between blocks (Table 9). A borderline mulch effect was significant (P=0.097) in the
final number of vascular stems (in 2008); however, this significant effect was also
demonstrated in the initial counts of vascular stems (in 2007) (Table 9), so, it cannot be
said that mulch had an effect on increasing the number of vascular stems. Although no
significant differences were found, the final counts of vascular stems in 2008 between
plots treated with a fertilizer had a higher number of vascular stems than those without
fertilizer (Figure 32).
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Table 7. Univariate ANOVA for both the initial (August 2007) and final (August 2008)
capitula counts.
August 2007
August 2008
Source
d.f.
MS
F
P
MS
F
P
Block
4
5.6
0.23
0.915
135.4
3.64
0.036
Mulch
1
27.2
1.12
0.311
164.4
4.42
0.057
Fertilizer
1
149.4
6.14
0.029
62.4
1.68
0.219
Mulch*Fertilizer 1
1.1
0.05
0.836
153.1
4.12
0.065
Error
12
24.3
37.2
Table 8. Univariate ANOVA for both the early summer (June 2008) and final (August
2008) number of grass seedlings.
June 2008
August 2008
Source
d.f.
MS
F
P
MS
F
P
Block
4
83.1
2.12
0.141
31.8
1.22
0.352
Mulch
1
1150.1
29.31 0.000
355.6
13.68 0.003
Fertilizer
1
3.5
0.09
0.771
0.5
0.02
0.898
Mulch*Fertilizer 1
52.3
1.33
0.271
38.3
1.47
0.248
Error
12
39.2
26.0
Table 9. Univariate ANOVA for both the initial (2007) and final (2008) number of
vascular stems. Grasses were not considered.
July 2007
July 2008
Source
d.f.
MS
F
P
MS
F
P
Block
4
0.362
3.31
0.048
0.952
1.07
0.415
Mulch
1
0.742
6.77
0.023
2.942
3.30
0.094
Fertilizer
1
0.044
0.40
0.539
0.023
0.03
0.874
Mulch*Fertilizer 1
0.006
0.06
0.814
0.701
0.79
0.393
Error
12
0.110
0.892

68

August 2007
August 2008

40
35

Number of capitula

30
25
20
15
10
5
0
Block 1

Block 2

Block 3

Block 4

Block 5

Figure 28. Mean number of live capitula in each block (±SE) measured initially in
August 2007 and finally in August 2008.

Figure 29. Mean number of live capitula for each treatment (±SE) measured initially in
August 2007 and finally in August 2008.
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Figure 30. Mean number of grass seedlings in each treatment (±SE).

Figure 31. Mean number of vascular stems measured initially in July 2007 and a final
count measured in July 2008 for each treatment (±SE).
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Discussion
In this experiment, the application of a weed-free straw mulch cover significantly
increased the number of Sphagnum capitula and the number of grass seedlings that
established in 2008. These results are similar to those in southern Quebec where straw
mulch was used in protocols to establish introduced Sphagnum species (Quinty &
Rochefort 2003). In southern Quebec, straw mulch improved the establishment of
Sphagnum fragments by moderating the microclimate. Straw mulch protects introduced
fragments from high amplitude temperatures during midday and night and the drying
effects of evaporation (Rochefort 2000) and so, straw mulch should have a positive effect
on the growth of Sphagnum. However in Chapter 2, I concluded that mulch did not
significantly increase the number of Sphagnum capitula. A reason for this inconsistency
may be due to the much higher number (6-7 times higher in the final counts of Chapter 2)
of capitula observed on plots in Chapter 2 than were present in this Chapter. Quinty and
Rochefort (2003) point out in the Peatland Restoration Guide that the amount of
fragments spread onto the area is a determinant in establishment success. It is important
that the fragments are not spread too thick or too thin. Even though the ratio of fragments
introduced was similar in this experiment to that in Chapter 2, it was possible that the
density of fragments in this study was too low due to possible clumping of the fragments
that occurred from harvesting to the active spreading of the fragments. If the fragment
density was too low because the majority of the fragments were clumped together, bare
peat patches would occur within the experiment plots. Sphagnum species do not spread
outward quickly and bare peat patches may remain with the end result being a much
lower number of Sphagnum capitula (Quinty & Rochefort 2003). If this is the case, the
protection of straw mulch may have made a minimal difference in the number of capitula
that grew that was big enough to show statistically as a significant increase. Straw mulch
offers protection and creates a more favourable climate for introduced fragments to grow
including lower temperatures and higher humidity during midday.
A previous experiment at Victor Mine comparing the long term data of both local
mulches and weed-free commercial mulches (coconut and straw) showed that maximum
temperatures under straw mulch decreased 2 degrees during midday and increased
relative humidity by more than 2% when compared to exposed bare peat (Ferguson
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2008). In comparison, we found temperatures under straw mulch in the HBL remained
similar to temperatures near the surface of exposed bare peat, slightly increasing
temperatures at night and at times, presenting cooler temperatures during midday. Lower
vapour density under the straw mulch during midday and higher vapour density at night
compared to bare peat suggests that water was lost from the peat surface. Contrary to our
findings, Price et al. (1998) suggested that evaporation would most likely occur from the
surface of the straw mulch and so vapour density would increase or be maintained under
the straw mulch. By using straw mulch, Rochefort et al. (1997) discovered that even
during a dry summer, mulch was able to maintain the growth of introduced Sphagnum
fragments.
With our experiment, as in southern Quebec, straw mulch was found not only to
significantly increase the number of capitula of Sphagnum species but also to increase the
establishment of introduced vascular plants (Rochefort et al. 1997). Seedlings with small
roots are more at risk of desiccation. New tussocks establishing on a mined peatland in
eastern Quebec were hindered due to uprooting, possibly by frost heaving, on
experimental sites (Lavoie et al. 2005). Frost heaving was observed as a major factor
contributing to small seedling mortality (Osumi & Sakurai 2002). However, it was found
that mortality significantly decreased as the seedlings grew older (Osumi & Sakurai
2002). By August 2008 the grass seedlings that established remained small, exposing
them to more risk of uprooting by frost heaving. As found in Chapter 2, the use of a
protective cover can benefit establishing seedlings by decreasing frost heave. Until the
fragments or seedlings are established, they are at risk and may experience some
mortality. As a result, establishment could take a few years in the HBL due to its short
growing season. In addition, straw mulch was beneficial to the establishment of
introduced fragments and seeded grass seedlings but it had no effect on the growth of
vascular stems naturally growing on site in the HBL.
Contradictory to our hypothesis, phosphate fertilizer had no significant effect on
the number of capitula and grass seedlings, although a slight interaction between mulch
and fertilizer presented itself, indicating that the presence of straw mulch without
fertilizer increased the number of capitula and seedlings. The interaction between straw
mulch and fertilizer showed a detrimental effect to the Sphagnum capitula when straw
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was added. Due the lack of vegetation present on the disturbed buried pipeline in the
Hudson Bay Lowland, nutrient concentrations were possibly high enough to support
establishing fragments and seedlings. Water chemistry is affected in peat harvested areas
by the removal of the upper layers of peat (Wind-Mulder & Vitt 2000). So, in comparison
to mined peat fields in southern Quebec where the upper layers of peat are removed,
peatlands in the HBL although disturbed, have the upper layers present or at the least
replaced. Phosphorus may not have been limiting in the HBL because maximum soil
phosphorus concentrations occur in the upper portion of the peat profile within the
rooting zone (Walbridge & Navaratnam 2006).
Even though in our experiment the growth of introduced fragments was
maintained, the numbers of capitula that grew were much lower than in our previous
experiment (Chapter 2) despite having the same initial density ratio. A primary reason for
this may be due to time of introduction.
Timing is important when introducing Sphagnum fragments. The fragments used
in Chapter 2 were introduced August 6 2007, whereas fragments in this experiment were
introduced on August 24 2007. A drought period of about 4 days was experience in the
first week of September (shortly after the introduction of fragments on August 24 2007)
with relatively high temperatures for the area (10-20 °C) (Appendix A; Figure A-3). High
temperatures combined with low amounts of precipitation when the water table was at its
lowest (Figure 22) may be the primary reason for low numbers of Sphagnum capitula that
grew and the effective use of straw mulch. Once established, Sphagnum needs minimal
intervention to grow; however, it is critical to provide the newly introduced fragments
with optimal conditions to achieve optimal growth. Chirino et al. (2006) found that
conditions at time of introduction significantly affected the establishment success of
Sphagnum fragments. Furthermore, fragments that are introduced in dry conditions may
never reach the same carpet densities as those introduced when conditions were wet
(Chirino et al. 2006). By using a straw mulch to cover fragments that were introduced in
the fall, Rochefort et al. (2003) discovered a significant increase in the mean percent
cover. Straw mulch protects introduced fragments from the elements and had the
potential to increase water content of the peat on which the fragments are establishing
(Price et al. 1998). So, if the dry period that followed shortly after the introduction of
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fragments did decrease the number of Sphagnum capitula that grew compared to Chapter
2, it was the use of straw mulch that significantly increased the number of capitula in this
Chapter. Perhaps if introduced earlier in August as in Chapter 2, more Sphagnum would
have had time to establish and the short 4 day drought period might not have affected the
numbers that grew.
In conclusion, as hypothesized, the use of weed-free straw mulch did significantly
increase the number of capitula and grass seedlings. However, conclusions drawn in
Chapter 2 indicated that no mulch was required to significantly increase the number of
capitula. Due to error such as a drought period following introduction or the clumping of
fragment, it cannot be said that straw mulch will play a significant role in establishing a
higher number of Sphagnum capitula.If the initial and final numbers of capitula were
similar to that in Chapter 2 (considering the same introduction ratio was used (1:16)) than
perhaps it can be said that straw mulch is required when establishing Sphagnum species
onto disturbed peat in the Hudson Bay Lowland. Contrary to our second hypothesis
phosphate fertilizer presented no significant effect on the growth of either introduced
Sphagnum fragments or grass seedlings.
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CHAPTER 4: Testing the viability of harvested
Sphagnum fragments by introducing them during three
different times of the year
Sphagnum species have two methods of reproduction; through production of
spores and vegetatively. The production of spores begins before winter and proceeds into
spring when the embryo is implanted into the archegonia branch (Pujos 1992).
Maturation occurs, spores are released and results in immediate germination (Pujos
1992). Vegetative reproduction occurs in several modes; 1) branching of the main stem,
2) adventitious buds of stems or branches, 3) detached branches, and 4) regeneration
from vegetative cells by protonema formation (Cronberg 1992). Vegetative reproduction
of Sphagnum fragments is the primary method of regeneration when establishing
Sphagnum species onto bare peat due to the many areas of the fragment itself that have
regeneration potential (Rochefort et al. 1995). Regeneration is possible from most
Sphagnum organs whether entire or in part (Rochefort et al. 1995).
Sphagnum species absorb water and nutrients from the peat and allows them to
reproduce vegetatively (Clymo & Hayward 1982; Crum 1988). Time of year and the
microclimate conditions when the fragments are introduced onto bare peat is critical to its
success. If a Sphagnum carpet is established in the first year of introduction, it becomes
independent of climatic conditions (Chirino et al. 2006).
Sphagnum species require cool, moist conditions to grow; however, on bare peat,
exposure may also be a threat. Cool and moist conditions are prominent in the fall season
which is a preferred time to introduce Sphagnum fragments (Rochefort et al. 2003).
Protection to establish and grow a viable carpet is important, especially in the first
growing season (Cobbaert et al. 2004).
Straw mulch is commonly used as a protective cover to establish introduced
Sphagnum species in peatland restoration practices in southern Quebec. Straw mulch
creates an air layer that maintains cooler temperatures during midday and retains high
humidity, allowing more water to be present around the fragments (Quinty & Rochefort
2003). Straw can also become very stable and can resist strong winds without being
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blown away (Quinty & Rochefort 2003) making it a good candidate to protect newly
introduced fragments.
In addition to the protection of straw mulch, snow can also create a protective
cover during the winter. Snow acts as an insulator protecting the environment below it.
Before the snow covers the ground, the soil absorbs radiation during the summer,
dissipating it slowly (Oke 1978). In the fall and winter when solar input is low, the
radiation continues to dissipate into the snowpack, this upward flux heats the
ground/snow interface environment (Oke 1978). As snow begins to build up to form a
snowpack 20cm or more deep, air is trapped between the crystals (Halfpenny & Ozanne
1989). Heat is transferred through the snow by conduction, convection, evaporation and
sublimation which are dependent on the density of the snow (Halfpenny & Ozanne 1989).
A less dense snowpack has better insulating qualities (Halfpenny & Ozanne 1989). The
better the insulation, the more protection it offers the introduced fragments from the
elements during the winter.
Introduction of fragments in late fall or during the winter months is required in the
Hudson Bay Lowland because the ground is hardened with frost allowing heavy
machinery to do large scale work.
The purpose of this experiment was to determine when after the frost has
hardened the ground, that fragments could be introduced without compromising the
viability of the establishment of introduced Sphagnum fragments. I hypothesize that
Sphagnum fragments introduced in late fall before the snow accumulates will establish
better than if introduced later in the winter months. Using a straw mulch to protect the
fragments will also significantly increase the number of capitula that grow.
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Methods
The location of this experiment took place at De Beers Victor Mine site in the
Hudson Bay Lowland (Figure 1, Chapter 2). The first part of the experiment occurred
during the winter from November 2007 to May 2008 on the abandoned winter airstrip
and the second part took place over a growing season from May 2008 until August 2008
on the buried pipeline site (Appendix B).

Sphagnum fuscum and S. fallax were collected by hand on November 3 2007 in
12.5cm by 12.5cm and 5cm deep blocks in proximity to the abandoned winter runway,
and separated as individual fragments. The donor sites were chosen based on the area
containing greater than 90% of S. fuscum or S. fallax. The collected fragments were
placed in black mesh bags 25cm x 25cm in size, stapled closed and labelled with each
treatment. The November treatment was immediately introduced onto the abandoned
winter airstrip. Fragments for the January and March treatments were carefully placed in
plastic bags that were cut to allow air circulation and stored inside an unheated Seacan
container at ambient temperature.

The first part of the experiment was set up as a completely randomized block
design with four blocks. Each block contained two tripods made from three galvanized
steel poles. Tripods were used to mark each block and the position of each treatment over
the winter. The reason tripods were used is because they rested on the surface of the
ground to avoid frost heaving. A mesh bag with one of the six treatments was randomly
assigned to one of the six poles within a block. Mesh bags were used to contain the
harvested fragments and prevented any fragment loss over the winter. Treatments
consisted of 3x2 factorial combinations of 1) introduction date of the mesh bags with
Sphagnum fragments (November 2007, January 2008 or March 2008) and 2) a straw
mulch cover wrapped around the mesh bag or the bag left bare. Straw mulch Terrafix S31
was purchased as a standard 2m x 40m roll from OCP Construction Supplies in Timmins,
Ontario as described in Chapter 2.
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Fragments were placed into winter condition at three different times of the year in
order to achieve three different positions within the snow pack (Figure 33). In November
2007, the ground was hard with frost but without snow cover. A mesh bag was randomly
placed onto one of the poles with a loose tie wrap. In January and March, care was taken
to gently place one mesh bag for each month at that time of year onto the snowpack and
fastened with loose tie wraps to one of the poles of the tripod not already containing a
mesh bag from a previous time. The mesh bags were staggered to avoid being placed on
top of one another on the snowpack. Half the bags received a straw mulch treatment.

Figure 32. Schematic representation of the position of Sphagnum fragments throughout
the winter season.
Temperature was monitored in each treatment from November 2007 to April 2008
using HOBOware (model Pro v2) external temperature and relative humidity dataloggers.
Each datalogger sensor was placed into a housing unit built from cardboard and screen
that protected the sensor from contacting the snow but still allowed for maximum air
circulation. The unit was cut from a cardboard roll about 5cm in length. Most of the
cardboard was removed and the roll was wrapped with screen. The sensor was fastened
into the top of the roll and allowed to hang down to avoid contact with the sides of the
roll. One sensor containing the housing unit was placed with one sample mesh bag for
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each treatment. The sensors were placed directly beside the mesh bag and within the
straw mulch if mulch was present.
Snow depths were measured in January 2008 and again in March 2008 by sticking
a pole into the snow in the general area of the experiment and measuring the depth with a
metre stick. Snow depth measurements were repeated five times within the experimental
area to calculate a mean.
Due to snow pack depth variability, two areas were selected in proximity to the
experiment site to determine snow density. Snow density was measured in March 2008.
Each area was selected based on snow depth; one area had a minimum snow depth and
the other had a maximum snow depth. At each area a trench was dug with a square snow
shovel. All snow within the trench was removed to expose the ground. The depth of the
snow pack was recorded using a metre stick. Measurements in the snowpack were taken
in four locations; 1) 5cm from the ground, 2) 10cm from the ground, 3) 15cm from the
ground and 4) the top of the snow pack. At each portion of the snowpack a snow density
sampler (500cm3) was gently pushed into the face until the back of the sampler reached
the face. With precautions taken not to compress the snow, a snow spatula was used to
carve out the sampler until it could be lifted clear from the snowpack. Excess snow was
carefully scraped off the top and end of the sampler. The sampler containing the snow
was then weighed using a 250g capacity spring balance. The sampler was emptied and
the empty sampler reweighed. The weight of the sample was subtracted to obtain the
weight of the snow alone. Density was calculated as grams per centimetre cubed.
In early May, the bags were detached from the tripods and labelled as to their
appropriate block and treatment. The fragments were transported on the same day to the
buried pipeline site and spread onto bare peat (See Chapter 2 for a description of this
study site.)
The second part of the experiment began in May 2008 and was again set up as a
completely randomized block design with four blocks containing the six factorial
treatments plus one control (no fragments and no straw mulch). Each treatment remained
in their appropriate block from the winter portion of this experiment. The fragments were
removed from the mesh bags and spread by hand onto 1m x 1m plots. The fragments
were spread at a ratio of 1/16. The control treatment contained no fragments. The ratio
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implies that 1m2 of fragments will be collected from a local donor site to cover 16m2 of
bare peat. Treatments that were treated with straw mulch over the winter, continued to
receive straw mulch cover for the duration of the summer portion of this experiment. All
introduced fragments received 120g of rock phosphate fertilizer as described in Chapter 2
and 3.
PVC wells were pushed into the peat at each site to monitor water table levels at
each block. Water table levels were measured during the growing season as previously
described in Chapter 2. Infiltration of the ground water was allowed for a minimum of
72h before water levels were measured.
Gravimetric water content was measured once in late August of 2008 from all
experimental plots using a sampler 0.5cm in depth and 5cm in diameter. The fresh mass
was measured then samples were dried at 105°C. Gravimetric water content was
calculated and analyzed by subtracting the fresh weight of the peat sample from the dry
weight and dividing by the dry weight (DW) (g/gDW).
An initial capitula count made measured in mid June 2008. Three 12.5cm x
12.5cm quadrats were randomly placed within each plot and marked with wooden stakes.
All living capitula were counted within the specified area to get the initial capitula
density. Final capitula counts took place in August 2008 in the same 12.5cm x 12.5cm
marked areas of each plot. The final count included only capitula that were living and
new capitula that were growing.

Univariate analysis of variance was used to test for significant differences
between blocks and treatments using SPSS (SPSS 2008). Interactions with blocks were
not included in the final model. This test was used for gravimetric water content and
number of capitula. Spring (June 2008) and fall (August 2008) capitula counts were
tested separately for differences.
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Results
The November mesh bags remained at the snow/ground interface while the
January bags were approximately 15cm to 20cm from the ground and the March bags
were 20cm to 25cm from the ground. Fragments laid down in March remained nearest to
the surface (Figure 33). Snow pack densities in March presented a lower density at the
bottom on the snowpack when compared to the positions towards the surface (Table 10).
The shallowest snowpack (at 16cm) had the highest density compared to those taken
deeper in the snowpack at 25cm.
December through February were the coldest months with similar temperatures,
averaging around -20oC at 3m above the ground at the University of Waterloo Victor
weather station (Figure 34). For the November 2007 application of fragments,
temperatures within mesh bags remained mostly above the mean temperature above the
snowpack (Figure 34). Fragments introduced in January 2008 experienced temperatures
that fluctuated above and below the mean climate temperature, exposing the fragments to
cooler temperatures (Figure 34). March 2008 treatment temperatures were exposed to
colder conditions than the climate above the snow for the majority of the time (Figure
34). Mulched bags experienced temperatures slightly higher than non-mulched bags for
the November treatment, but not January and March.
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Figure 33. Mean snow depth at the abandoned airstrip measured during the 2008 winter
months (±SE).

Table 10. Snow densities calculated at corresponding depths to the position of Sphagnum
fragments for each time of year treatment.
Snow density at height above ground
(g/cm3)
Snowpack
Snow depth (cm)
5cm
10cm
15cm
25cm
sample
1
25
0.22
0.25
0.27
0.28
2

16

0.28

0.37
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Figure 34. Temperature of each treatment measured during winter 2007-2008. Each
temperature sensor was placed randomly within the blocks as close to the fragments as
possible. Monthly average temperature was calculated using daily temperature
measurements recorded 3m above the ground at the University of Waterloo’s weather
station at Victor Mine.
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At the pipeline site after treatments were spread on the ground, water table levels
varied slightly between blocks (Figure 35). Block 1 and 2 had a much lower water table
level during July and August 2008 than block 1 and the control. Water table levels
dropped by more than 10cm in August 2008 compared to levels measured in June and
July 2008.
Gravimetric water content was significantly different between treatments that
were covered with straw mulch and those that were not (Table 11). Treatments that
received a mulch amendment had significantly lower water contents than plots that did
not have mulch (Figure 36).

Figure 35. Water table levels for each month during the 2008 growing period. Depth of
the water table was measured from the surface (0cm).
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Table 11. Univariate ANOVA for gravimetric water content.
Source
d.f.
MS
Block
3
0.668
Mulch
1
1.526
Time of Year
2
0.073
Mulch*Time of Year
2
0.011
Error
15
0.262

F
2.547
5.822
0.277
0.043

P
0.095
0.029
0.762
0.958

Figure 36. Mean gravimetric water contents for each treatment measured in August 2008
(±SE).
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Blocks 3 and 4 had significantly more Sphagnum capitula initially in June 2008.
By the final count in August 2008, the differences between blocks was only borderline
significant. There was no difference between time of year and mulch treatments in the
spring, but by the fall, the presence of mulch had a significant effect (Table 12).
Treatments with straw mulch had significantly higher number of Sphagnum than those
that did not (Figure 37). Although not significant, mean capitula counts were highest for
the November 2007 treatment both with and without the straw mulch cover and the
March 2008 treatment demonstrated the least numbers of Sphagnum with the lowest
number of capitula (Figure 37). The number of Sphagnum capitula was significantly
higher with the use of straw mulch (Figure 37).
Table 12. Univariate ANOVA for number of live capitula that were introduced at
different times of the year in the fall/winter months.
June 2008
August 2008
Source
d.f.
MS
F
P
MS
F
Block
3
261.792 5.628 0.009
1520.236
2.677
Mulch
1
48.167
1.035 0.325
3432.042
6.043
Time of year
2
102.875 2.212 0.144
922.323
1.624
Mulch*Time of 2
7.542
0.162 0.852
432.323
0.761
year
Error
15
46.517
567.894

P
0.085
0.027
0.230
0.484
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Figure 37. Mean number of live capitula for each treatment (±SE).
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Discussion
The results of this study indicated no significant difference in the number of
capitula for any time of introduction despite that fragments positioned at the bottom of
the snowpack were better insulated and protected from the outside climate than fragments
positioned in the middle or near the top of the snowpack. These results agree with
Rochefort et al. (2003) who found that fragments did not lose regeneration potential
when exposed during winter months. It is mostly the conditions at time of introduction
that significantly affect the establishment success of fragments (Chirino et al. 2006).
Sphagnum mosses introduced in wet years resulted in a carpet that grew independently of
climatic conditions in subsequent year, but, fragments introduced in dry conditions, never
reached the same carpet densities as mosses introduced in a favourable year (Chirino et
al. 2006). Time of introduction within one year can also affect the establishment success
of introduced fragments. Rochefort et al. (2003) found that fragments introduced in the
fall and mulched with straw had an increased mean percent cover over spring mulch
plots. Introduced fragments in our experiment grew better under the straw mulch
regardless of when the fragments were introduced.
Straw mulch significantly increased the number of Sphagnum capitula that grew
from time of introduction onto bare peat in the spring (June) to the fall (August) in 2008.
Straw mulch not only affected the number of capitula that grew, but also significantly
decreased the water content of the peat. Price et al. (1998) suggested that mulch will
intercept 2mm of rain per event. Contrary to our results, Price (1997) found that straw
mulch increased the soil moisture by 10%. The lower water content may not have been
solely the result of interception but also due to lower water table levels in August 2008
when the gravimetric water contents were measured. Regardless of the reason for the
significant decrease in water content under the straw mulch, it did not hinder the growth
of Sphagnum beneath its cover.
Straw mulch helped to provide the shelter needed to regenerate Sphagnum species
onto disturbed bare peat. Sphagnum mosses tend to establish faster in a sheltered
microclimate (Ferland & Rochefort 1997). Straw mulch not only increased the amount of
Sphagnum fragments that established but also improved their overall health (Quinty &
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Rochefort 1997). Even during the first part of this experiment, mulched fragments within
the snowpack for November and January treatments experienced warmer temperatures
than non-mulched treatments. Straw mulch added to the protection of the snowpack.
Snow has insulating qualities; temperatures at the snow/ground interface can be as
warm as 0°C (Halfpenny & Ozanne1989). Lower snowpack density has a higher amount
of air spaces and a lower amount of water, increasing its insulating value (Halfpenny &
Ozanne1989). Lower snowpack densities were measured toward the bottom of the
snowpack, offering more protection to the November and January treatments. Snow
density in the upper portion of the snowpack is usually lower (~ 0.1g/cm3) than the lower
portion where metamorphism has occurred (Halfpenny & Ozanne1989). This is
especially the case with a snowpack depth of approximately 20cm or more (Halfpenny &
Ozanne1989); however, snow density at the abandoned winter airstrip was much higher,
possibly due to the age of the snowpack but much more likely the result of the snow
being reworked and comminuted by the wind in this location.
Comparing the results from Chapters two and three, the number of capitula in this
experiment was similar to that in Chapter 2 and much higher than the numbers obtained
in Chapter 3. The fragments were removed from the mesh bags and spread onto the bare
peat in the spring and the fragments in Chapter 2 and 3 were spread onto the bare peat in
the fall. Also straw mulch had no effect on the number of capitula in Chapter 2 but was
shown to have an effect on the establishment of grass seedlings in Chapter 3 and numbers
of capitula in the present chapter.
In conclusion, straw mulch did significantly increase the number of capitula that
grew; however, contrary to our hypothesis the fragments that were introduced in late fall
and remained at the bottom of the snowpack during the winter did not have a
significantly higher number of capitula compared to fragments that were introduced
within the snowpack in January and March. Despite no significant differences found
between times of year that the fragments were introduced, it should be noted that the
fragments introduced in November did have a higher number of capitula that grew and
straw mulch had the biggest effect on fragments introduced in January and March.

89

CHAPTER 5: Exploring the use of straw mulch and
fertilizer amendments to rehabilitate top-cut hummocks
on an abandoned winter road.
Winter roads are constructed in the Hudson Bay Lowland to lead to the mine site
for the purpose of transporting materials and supplies to Victor Mine. Winter roads are
the only ground transportation available because Victor Mine is situated in one of the
largest continuous peatlands and are characterised by many, lakes and rivers.
These winter roads are constructed in mid-December to mid-January. When the
snow pack on the peatlands reaches 30-60cm in depth, snowmobiles pack the snow to
allow deeper penetration of frost into the peatland. When the peat is frozen to a depth of
15 to 25 cm, a light, wide-track bulldozer is used to pack the snow further while dragging
big tires and steel drags to level the road. These steel drags and tires shear off any
protruding vegetation including the tops of hummocks. Larger trees are cut by hand
('shear-bladed') by machinery at ground level leaving intact roots buried in the peat.
Eventually the ground becomes sufficiently hardened with frost to support rubber-tired
machinery. One final step in the construction of winter roads, once the road is solid and
smooth is to saturate the snow with water creating a 10 to 15 cm load-bearing ice cap on
top of the packed snow. This process of constructing winter roads leaves behind flat,
linear corridors that have minimal vegetation growth on the surface of elevated top-cut
hummocks, and debris that fills the hollows.
Scars of abandoned winter roads can be seen all over the landscape around the
mine. Some roads that were abandoned following the time of mine exploration some ten
years ago are still prominent in the area. Bradley (2009) discovered that even after ten
years of abandonment, there were significantly fewer vascular plants and bryophytes on
the abandoned winter road portraying a low species richness compared to sites in
adjacent undisturbed natural areas. This lack of richness suggests that some intervention
may be needed to establish species onto winter roads to resemble its natural state. The
question is how much intervention is needed?
Sphagnum species have the ability to regenerate from fragments; however, 10cm
below the stem, the fragments are no longer viable (Rochefort et al. 2003). Peat devoid of
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any surface vegetation may contain potential colonizers within. Plant seeds, spores and
pollen have been found dormant within the Sphagnum carpet and other peatland
vegetation (Clymo & MacKay 1987; Sundberg & Rydin 2000). The surface disturbance
leaves the acrotelm in place. This upper layer has a live matrix of growing plant material
(Ingram 1978) including, seeds, spores, roots and rhizomes.
The purpose of this experiment is to test minimal intervention methods to help
encourage the natural colonization of peatland species onto top-cut hummocks.
Intervention methods include the use of different doses of phosphate fertilizer and a straw
mulch cover. If viable rhizomes and spores are present, the protection of straw mulch and
the addition of a high dose phosphate fertilizer should provide conditions optimal for the
growth of peatland species on top-cut hummocks. I hypothesize that with the protection
of straw mulch and a high dose of phosphate fertilizer, the number of peatland species
will increase on top-cut hummocks of abandoned winter roads.
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Methods
This experiment took place in the Hudson Bay Lowland on an abandoned winter
road (Appendix B) leading to the De Beers Victor Diamond Mine (Figure 1, Chapter 2).
The winter road is approximately 23 metres wide and is linear for many kilometres. The
last time this site was used as a winter road was in the winter of 2006. This experiment
took place from May to August 2008 in the third growth season following abandonment.
A complete randomized block design was constructed using only the surfaces of
top-cut hummocks. Six experimental blocks were randomly chosen in areas with high
densities of top-cut hummocks on the abandoned winter road, each containing six plots.
Each 2m x 2m experimental plot was set up on the surface of the top-cut hummocks.
Stakes marked the four corners of each plot.
Six factorial combinations of phosphate fertilizer (none, low, high) and straw
mulch (with or without) were applied to the six plots in each block.
The fertilizer consisted of rock phosphate (0-2-0, NPK). The low dose
received120g per 2m x 2m plot and the high dose 360g per 2m x 2m plot. The fertilizer
was applied using a salt shaker method, as described in Chapter 2. The amount of
fertilizer used was based on protocols developed by Quinty and Rochefort (2003) (see
Chapter 2).
Weed-free straw mulch was cut into 2.5m x 2.5m squares. Each square was
randomly place onto each fertilizer treatment. The straw mulch was pegged down using
steel staples to prevent movement of the mulch. Straw mulch Terrafix S31 was purchased
as a standard 2m x 40m roll from OCP Construction Supplies in Timmins, Ontario as
described in Chapter 2.

PVC wells were installed one at each experimental block to monitor water table
levels throughout the duration of the experiment (see Chapter 2 for a description of
wells). Blocks 2 and 3 were positioned directly across from each other and so shared a
well. Infiltration of the ground water was given a minimum of 72 hours before water
levels were tested. No water table could be measured on the hummocks because of frost,
so water table was measured only in the hollows between hummocks.
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Gravimetric water content of the peat surface layer was measured once in late
August of 2008 using a sampler 0.5cm in depth and 5cm in diameter. Samples were taken
from all experimental plots, weighed fresh, then dried at 105oC and reweighed.
Gravimetric water content was calculated by subtracting the fresh weight of the peat
sample from the dry weight (DW) and dividing by the dry weight (g water/ gDW).
A galvanized steel pipe approximately 1.3cm in diameter was inserted into the
surface of the peat. When the steel pipe made contact with the frost, the length of the pipe
that inserted into the ground was recorded to give the depth to frost. Frost depths were
measured throughout the season in May, June and July 2008.
To measure and identify peatland species growing on the top-cut hummocks,
square quadrats 12.5cm x 12.5cm were randomly tossed onto each plot ten times per plot.
Each species touching or within the square was identified at least to genus and presence
recorded.
Univariate analysis of variance (ANOVA) was performed using SPSS statistical
software for gravimetric water content, frost depth and species richness. Interactions
between block and other factors were not included in the final model. Species richness
was calculated from the 10 quadrats in each plot as the mean number of species for each
treatment and block. The ANOVA tested for how many different species were present in
each treatment.
Species composition in each plot was determined by tallying the number of
quadrats where each species was encountered in each plot. PERMANOVA+ software
(Anderson et al. 2008; PRIMER-E 2008) was used to test for species composition
differences between blocks and fertilizer, mulch treatments and the fertilizer x mulch
interaction. A Bray-Curtis similarity matrix was first calculated. PERMANOVA+ is a
Monte Carlo-based software program which allows multivariate analyses of composition
data, in a similar way as MANOVA.
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Results
A water table on the surface of the frost was present during the July and August
months (Figure 38). Some variation from block to block existed; however, the greatest
difference was due to block 2 and 3 having a water table much closer to the surface than
that of all other blocks. Block 5 and block 6 had a non-existent water table because it was
frozen throughout the summer.
Gravimetric water contents were significantly different between blocks (Table
13). This was due to block 4 having a significantly higher amount of water than that of all
other blocks (Figure 39). No significant effect was found between treatments.
Frost depths were significantly different between blocks (Table 14). Blocks 2 and
4 had significantly (P<0.05) lower frost depths than all other blocks (Figure 40). No
significant differences between treatments were found.

Figure 38. Water table levels measured at each block throughout the three month duration
of the experiment. Any missing data was due to a non-existent water table because it was
frozen.
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Table 13. Univariate ANOVA for gravimetric water contents measured for each
treatment measure in August 2008.
Source
d.f.
MS
F
P
Block
5
0.745
7.661
.000
Fertilizer level
2
0.123
1.270
.286
Mulch
1
0.035
0.361
.549
Fertilizer level * Mulch
0.139
0.070
0.716
.492
Error
97
0.097

Figure 39. Mean gravimetric water content in August 2008 for each block (±SE).
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Table 14. Univariate ANOVA for frost depth measurements for each treatment measured
in August 2008.
Source
d.f.
MS
F
P
Block
5
253.944
3.839
0.10
Fertilizer level
2
89.632
1.355
.276
Mulch
1
21.778
0.329
.571
Fertilizer level*Mulch
2
22.590
0.342
.714
Error
25
66.144

Figure 40. Mean frost depths measured on the hummocks of the abandoned winter road
throughout the summer (±SE).
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Species composition was significantly different between blocks. Mulch, fertilizer
or their interaction had no significant effect on species composition of the top-cut
hummocks (Table 15). This indicates that the abundance of species did not change as a
result of the treatment it received. Initially a slight mulch effect was demonstrated;
however this effect disappeared by the final assessment in August 2008.
No significant differences between treatments were presented for species richness
found on top-cut hummocks (Table 16). Initially in May, a slight significant mulch effect
was present indicating that less species were found on top-cut hummocks containing
straw mulch than those without (Table 16). Species richness tends to decrease towards
block 4 and 5 (Figure 41). Species richness increased from the initial survey in May to
the final survey in August (Figure 42). Species richness measured the number of different
species present in each treatment.

Table 15. PERMANOVA for both the initial (May 2008) and final (August 2008) species
composition of the top-cut hummocks (# permutations = 99999).
May 2008
August 2008
Source
d.f MS
Pseudo-F P
MS
Pseudo-F
P
Block
5
3068 1.70
0.051
4597
3.29
<0.000
Mulch
1
4116 2.28
0.065
1723
1.23
0.291
Fertilizer
2
1582 0.88
0.524
2088
1.50
0.111
dose
Mulch *
Fertilizer

2

1323

Res
Total

25
35

1804

0.73

0.665

1210

0.87

0.603

1397

Table 16. Univariate ANOVA for the number of species present on each hummock.
May 2008
August 2008
Source
d.f.
MS
F
P
MS
F
P
Block
5
1.665
1.580 0.202
5.166
6.072 0.001
Mulch
1
0.604
0.573 0.456
3.059
3.596 0.070
Fertilizer dose
2
0.750
0.712 0.500
0.475
0.559 0.579
Mulch*Fertilizer 2
0.069
0.065 0.937
0.311
0.365 0.698
dose
Error
12
1.054
0.851
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Figure 41. Mean species richness in each block on top-cut hummocks (±SE).

Figure 42. Mean species richness presented in each treatment (±SE).
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Discussion
Neither of the treatments made a significant difference in species richness or
species composition on top-cut hummocks. The number of species significantly improved
from the initial measurement in May to the final measurement in August. In some cases,
minimal intervention, such as the addition of fertilizer and protective straw mulch can aid
species establishment (Bellemare et al. 2009) either by seeds that are lying dormant or
fragments of rhizomes and other plants that need better conditions to grow. Past studies
have had success in establishing peatland species by simply using a fertilizer. Cloudberry
(Rubus chamaemorus) rhizomes that were sectioned and fertilized experienced enhanced
vegetative growth (Bellemare et al. 2009). The addition of phosphorus significantly
increased the growth of naturally colonizing vascular plants (Ferland & Rochefort 1997).
Contradictory to these studies, fertilizer in the present study had no effect in significantly
increasing naturally colonizing plants which may be due to the short duration of this
experiment.
Sphagnum species have long-lived and durable spores in northern climates
(Sundberg & Rydin 2000). They can form a persistent spore bank that is activated under
favourable conditions (Sundberg & Rydin 2000). Other peatland species such as
Chamaedaphne calyculata, Ledum groenlandicum, Kalmia polifolia, K. angustifolium,
Vaccinium oxycoccus, V. myrtiloides, V. angustifolium, and Mianthamum trifolium all
have rhizomes that travel through the acrotelm layer of the peatland and can regenerate
vegetatively from fragments (Crum 1988). However despite the potential for peatland
species to colonize the top-cut hummocks, neither a mulch nor phosphate fertilizer was
able to significantly increased species richness and composition during the four month
duration of this study.
A significant increase in the species richness was measured in August 2008. This
is mainly because the primary growing period for plants in the HBL is in June and July.
With initial measurements taken in May 2008, it is not surprising that a significant
increase in species was discovered. Despite the short time period of this study, treatments
during this time period had no significant effect on the species richness or abundance of
species; however, a slight mulch effect was demonstrated for species richness. Fewer
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species were found beneath the protection of straw mulch than when no mulch was
present. The number of different species that grew under the mulch may have been
affected by the microclimate that straw mulch can create. Petrone et al. (2004) discovered
that straw mulch reduced warming of the upper peat layers under high solar radiation.
This could aid the establishing vegetation underneath, but with frost present in the top-cut
hummocks ranging from 10cm below the surface in May to 40cm below the surface in
July; cold temperatures may have restricted the growth of peatland species. Cold restricts
growth in the roots and can also cause a drought effect on the growing plant (Lambers et
al. 1998). Low temperatures in the rooting zone can reduce the rate at which water is
taken up by roots and decrease the growth of the roots themselves (Lambers et al. 1998).
Water availability may also be restricted because the space within the hummock is frozen
within the permafrost. Even though the frost melt may contribute to water content, the
water table does not become prominent until later in the growing season within the topcut hummocks. Before any peatland species could be established onto dry, abandoned,
mined peatlands, the water table must first be increased toward the surface to raise the
water content of the peat (Quinty & Rochefort 2003). When peat is bare of vegetation and
exposed to the ambient climate a dry crust forms on the surface providing hard, dry
conditions for newly establishing species. This crust impedes plant root growth and water
infiltration (Mando & Stroosnijder 1999).
In conclusion, the duration of this experiment may have been too short to show
any significant effects that the straw mulch and fertilizer amendment might have had.
Even though species richness increased from May 2008 to August 2008, no significant
effects between treatments were presented. Furthermore, it is suspected that other factors
such as cold temperatures and drought may have limited the number of species that could
potentially colonize the top-cut hummocks. Establishment of a diverse hummock
population may require the development of more aggressive intervention methods. It
would be well to follow the experiment for 1 or 2 more seasons to see if the treatments
would have an effect.
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CHAPTER 6: GENERAL DISCUSSION
The main objective of this study was to develop protocols to restore peatlands
damaged by mining operations in the Hudson Bay Lowland. Successful peatland
restoration protocols presently exist for peat mine fields in southern Quebec. Testing
some of these techniques in the HBL showed that conditions between peat mine fields in
Quebec and disturbed bare peat areas in the HBL (Argo trails, pipelines and winter roads)
differ, and so protocols to restore bare peat areas in the HBL require some adjustments.
The construction of Argo trails, buried pipelines and winter roads destroys the
surface vegetation in the area leaving exposed bare or non-viable fibric peat. These areas
may remain visible for decades after disturbance with minimal natural vegetation
beginning to recolonize (Bradley 2009; Personal observation). Also, due to an agreement
between De Beers Canada and the First Nation community, the peatland must be restored
to its original structure. This means that during revegetation practices of bare peat in the
HBL at Victor Mine only local native species will be used.
The climate in the HBL is much cooler than in southern Québec where most of
the research on peatland restoration protocols have been developed (Environment Canada
2008). Studies in southern Quebec can expect a longer growing season with more
precipitation and higher year round temperatures. Shorter growing seasons and cooler
temperatures in the HBL may provide lower evaporative stress on establishing peatland
plants, thereby providing less problems for Sphagnum establishment. Also, the majority
of precipitation in the Hudson bay Lowland is received during the July and August
growing season (Appendix A; Figure A-2), thereby also reducing any drought stress as
compared to disturbed peatland in the southern boreal region.
Furthermore, disturbed bare peat at Victor Mine is fibric in nature, unlike mined
peatlands in southern Québec where remnant peats are often humic in terms of
decomposition. Fibric peat holds water better than fine well decomposed peat (Quinty &
Rochefort 2003), which allows introduced Sphagnum fragments to establish better. Peat
temperatures may be different from those in southern Quebec due to the presence of
discontinuous permafrost in the HBL. Discontinuous permafrost can pose a threat to the
establishment of peatland species by lowering temperatures of the substrate in the rooting
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zone. Frost may also be beneficial to peatland species by providing a continuous supply
of water as the frost gradually melts throughout the growing season.
Gravimetric water contents at Victor Mine in the HBL remained high throughout
the study. It was suggested by Price (1997) that when the water table is high (mean =
72.5cm below the surface) water content was positively related indicating that a high
water table increases water content. However, in some cases where peat mine fields were
drained and the water table had not yet recovered, the water table was found to be more
than a metre below the surface and had no effect on surface water content (Price 1997).
In the HBL, the water table rarely exceeded 40cm below the surface and so is probably
the cause of high water contents at the surface. Interestingly, the only water content effect
presented in this study was under the straw mulch in Chapter 4. Water contents were
significantly lower under the straw than in the open bare peat plots. These results
contradict those in southern Quebec where straw mulch was used to increase water
content of the peat surface. Petrone et al. (2004) found that straw mulch suppressed
evapotranspiration thus increasing water content below the mulch. In another study, straw
mulch increased water content of the peat by 10-15% compared to non-mulched sites
(Price 1997).
After one year, straw begins to decompose and compact, decreasing the
effectiveness of its protection against evaporation (Petrone et al. 2004). The decomposed
and compacted one year old straw allows more water to pass through to the peat
substrate, recharging the water table which causes more evapotranspiration and lower
volumetric water contents in the upper peat profile (Petrone et al. 2004). Water content
measurements in the HBL were measured one year after application of the straw when
decomposition and compaction was a great possibility. Interestingly, despite the lower
water contents, it was noted that in Chapter 4 a significantly higher number of Sphagnum
capitula grew under the straw mulch compared to treatments with no straw mulch.
Chapter 3 demonstrated a slightly significantly higher number of capitula under the straw
mulch but water content had no effect on the growth of Sphagnum capitula. It should be
kept in mind, that gravimetric water contents in both Chapters 3 and 4 had similar values
at about 4 or 5 g/gDW in August.
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Straw mulch in the southern boreal region helps to establish a Sphagnum cover
because it not only effects hydrological properties such as water content, but it also
creates a microclimate with low diurnal amplitude temperature fluctuations and higher
humidity and protects fragments from extreme temperatures (Price et al. 1998). Straw
mulch has been favoured over all other mulches in southern Quebec for establishing
Sphagnum fragments in North America (Quinty & Rochefort 2003).
In Chapter 2, we showed that the type of cover made no difference in the number
of capitula that grew. However, straw mulch used in the experiments described in
Chapters 3 and 4 did significantly increase the number of capitula. Temperatures under
the straw mulch were slightly lower during midday and slightly warmer during late
evening and overnight but overall remaining similar to temperatures near the surface in
the plot containing no cover and no fragments. Vapour density, however, was reduced
dramatically during midday under the straw compared to the plot with no cover and no
fragments which as can be clearly seen from the data presented in Chapter 3 (Figure 26
and 27). This could be due to higher evapotranspiration rates caused by the growing
introduced fragments under the straw mulch (Petrone et al. 2004) where more water is
lost to the air than the mulch can retain.
Chapters 2, 3 and 4 had varying results with respect to the benefit of using a
cover. Straw mulch was the main cover in question due to its success in establishing a
Sphagnum cover in southern Quebec. In Chapter 2, the mean number of capitula when no
mulch is used is approximately 80, with straw mulch there are approximately 76. Chapter
3 results showed that straw mulch can be advantageous, although this experiment had
much lower capitula counts in general. No straw mulch had a mean number of capitula of
10, the presence of straw mulch doubled the mean number of capitula to approximately
20. Chapter 4 showed the highest mean number of capitula to be approximately 45; straw
mulch increased these numbers to 65. The mean numbers of capitula were low in
Chapters 3 and 4 where a mulch differences existed compared to Chapter 2 where there
was no difference between using a mulch and not. So is this difference caused by straw
mulch itself or another underlying reason? Differences in experiment structure existed
between Chapters 2, 3 and 4.
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In Chapter 2, the project was setup early and the fragments spread onto bare peat
on August 6 2007, and precipitation was high in July and early August. The Chapter 3
experiment was constructed and the fragments spread August 26 2007. The final density
counts were lower than those in Chapter 2 even though the same ratio of fragments was
collected in both Chapters. A drought period shortly after the introduction of the
fragments for this study may have decreased the number of capitula that grew from the
introduced fragments. This demonstrates that it is critical to provide newly introduced
fragments with optimal conditions to achieve optimal growth. Climate conditions at the
time the fragments are introduced can significantly affect Sphagnum growth (Chirino et
al. 2006).
The Chapter 4 experiment was setup in March, so early in the spring, as is done in
the restoration of peatlands in the southern boreal region. The fragments were collected in
November for the entire experiment and placed in mesh bags to prevent fragment loss
throughout the duration of the experiment. The mesh bags themselves may have acted as
a mulch, protecting the fragments. So, would the fragments have grown the same after
being sown onto bare peat if they weren’t placed into the mesh bags? The fragments were
removed from the bags, sown onto bare peat with or without the straw mulch in the
spring. Fragments introduced in the fall season, establish better than fragments
introduced in the spring (Rochefort et al. 2003). In Chapter 4 there was no significant
difference in the amount of capitula that grew when introduced in November compared to
introductions in January and March (Figure 37, Chapter 4). Fragments introduced in
November grew well, independently of whether there was a straw mulch or not. (Figure
37, Chapter 4).
In all experiments, the manual introduction of fragments and other peatland
species was just as important as providing high humidity, lower temperatures, and
nutrients. We did hypothesize that by simply treating the area with straw mulch and
phosphate fertilizer, that peatland species will naturally recolonize these disturbed areas.
However, when we tested this idea on top-cut hummocks on abandoned winter roads,
there was no significant difference in the number of peatland species on top-cut
hummocks between using a straw mulch and phosphate fertilizer amendment and using
nothing at all over one year (Chapter 5). Lavoie et al. (2003) concluded from his review
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that natural revegetation of peatlands could take centuries. A past study showed that
natural regeneration of a functioning peatland did not occur within 25 years on a vacuum
mined peat field (Rochefort 2000). Bradley (2009) found that even on winter roads
abandoned since 2003, Sphagnum mosses and some peatland vascular plants have
difficulty establishing. When peatland vegetation is removed, intervention by manually
introducing them back into the area is the best way to begin to restore the ecological
processes of the peatland itself (Quinty & Rochefort 2003). This study is in agreement
with studies in southern Quebec, where the manual re-introduction of Sphagnum species
by taking fragments from a local donor site and spreading them onto the disturbed areas
is required to gain successful short term results.
Restoration protocols in southern Quebec include a dose of phosphate fertilizer to
aid in the establishment of introduced Sphagnum fragments. The addition of phosphate
significantly improved the establishment of introduced Sphagnum fragments onto bare
peat in southern Quebec (Sottocornola et al. 2007). In contrast, phosphate fertilizer in the
HBL was found to have no significant effect on the number of capitula or seedlings that
grew. The presence of the acrotelm may have provided the necessary nutrients required
for the growth of Sphagnum and seedlings. Maximum phosphorus concentrations are
found within the rooting zone or upper portion of the peatland (Walbridge & Navaratnam
2006). It is suspected, judging by the significant increase in the number of vascular stems
from 2007 to 2008, that phosphate fertilizer may have had an effect on the natural
establishment of vascular plants within the experiment plots of this study. It was thought
that vascular plants may be phosphorus limited in Canadian poor and transitional fens
(Walbridge & Navaratnam 2006). Phosphate becomes bound and unavailable due to the
undecomposed nature of peat (Walbridge & Navaratnam 2006). The manual addition of
phosphate fertilizer may have contributed to an increase in numbers of vascular stems
from initial assessment (2007) to the final assessment the following year.
As a result of my studies, protocols for the restoration of peatland in the HBL
differ slightly than those used in Southern Quebec. The following are my
recommendations.
1. Manually introducing Sphagnum fragments from a local donor site onto the bare peat
areas significantly increase the number of capitula on Argo trails and buried pipelines.
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2. Although results were not quite significant in Chapter 4, it is my recommendation to
introduce fragments in November after the frost has hardened the ground and before
the snow to allow for heavier machinery to access the frozen peatland surfaces and
obtain a higher number of capitula from the introduced fragments.
3. To mulch or not to mulch? With the exception of Chapter 3, Sphagnum did grow
relatively well with or without a straw mulch, although in the case of winter spreading,
our results show that a mulch can help. However, if fragments were collected and
introduced to the area, they would still grow reasonably well, even without a mulch.
Fragments may not grow as well without a mulch, but they will grow. It appears that
straw mulch would be an added benefit, but it may not be a requirement in protocols
for establishing Sphagnum fragments in the Hudson Bay Lowland.
4. Phosphate fertilizer is not required to significantly increase the number of capitula on
Argo trails and buried pipelines. Even though fertilizer had no significant effect; it did
significantly interact with straw mulch in Chapter 3. An increased number of capitula
for the treatment containing straw mulch with no fertilizer suggested that the weedfree straw mulch amendment may be more important than using phosphate fertilizer
(Chapter 3). The use of mulch and phosphate fertilizer on top-cut hummocks require
further study to determine if the amendments would have an effect in the longer term
and if the manual introduction of fragments would be successful on top-cut
hummocks.
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Appendix A: Climate Data

A - 1. Mean temperature and total precipitation measurements for Lansdowne House, a
community inland near De Beers Victor Mine from July 2007 to September 2008
(Environment Canada 2008).

A - 2. Climate normals for Lansdowne House (1971-2000) representing normal
temperatures and precipitation near De Beers Victor Mine (Environment Canada 2008).
Monthly means from the months of January to December.
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A-3. Climate data from the Environment Canada Lansdowne House weather station.
Temperature is measure 10m from the ground.
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Appendix B: Experimental Site Locations at Victor Mine
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Appendix C: Temperature-Vapour Density-Relative
Humidity Diagram

C-1. Temperature-vapour density-relative humidity diagram for sea level atmospheric
pressure. The inset is for temperature below 0°C. Diagonal lines are for wet bulb
temperature, and are spaced at 2°C increments (Campbell 1977).
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Appendix D: Mini Mast Experiment
Issue: my HOBO sensors were not shielded. It was a possibility that my sensors were
reading the temperature of absorbed radiation and not what the actual microclimate
temperatures were. To prove that my sensors had an accurate reading and was reading
what was truly in the environment, I compared my HOBO sensors used readily in the
field to a fine wire thermocouple (FWT) which has virtually no radiation error; meaning
that the sensor is so small that there is no absorption of radiation by the sensor itself.
Methods
A mini mast experiment was set up using a cardboard straw (Figure 1). Four grooves
were made with a pocket knife into the straw to hold one FWT at four different heights;
1-positioned on the surface of the substrate, 2-positioned at the bottom of my HOBO
sensor, 3-positioned at the centre of my HOBO sensor and 4-positioned at the top of my
HOBO sensor. The size of the HOBO sensor is considerably larger than the fine wire
thermocouples and so adequate time for calibration was allotted.
Results
These positions reflect a gradient from air to soil surface in which the readings are
slightly different (Figure 2). Figure 2 shows that even though there may be some
radiation error within the HOBO sensors, due to the colouring being white, the error
remains low especially in comparison to the FWT. Process of radiation absorption is
represented in Figure 3.

D-1. Schematic drawing of the mini mast experiment. This drawing is a visual
representation of the placement of the sensors. This is also the worst case scenario where
the sensors are not shielded over black peat.
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D-2. Temperatures averaged ever one minute to compare a fine wire thermocouple
(FWT) sensor (S) to our HOBO sensor (get proper name). Four fine wire thermocouples
were used; S1 (recorded ground temperature), S2 (bottom of the HOBO sensor), S3
(centre of the HOBO sensor) and S4 (top of the HOBO sensor).

D-3. Schematic representation of radiation absorption processes . Sphagnum fragments
are laying on the ground as they did in each of my treated plots. This demonstrates that
both longwave and shortwave radiation are being absorbed by the surface. Energy is lost
by evaporative cooling and sensible heat that is brought by wind movements close to the
surface.
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Appendix E: Site Pictures

E – 1. One block at the Abandoned Argo trail site located near the Old Camp.

E – 2. Aerial photo of experimental plots at the buried pipeline site.
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Introduced fragments

E - 3. Experimental plots showing the colouration of the peat surface after
Sphagnum fragments have been introduced.

E – 4. Winter road at De Beers Victor Mine.
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Steel Drag

E – 5. Abandoned winter road showing top-cut hummocks and the steel drag.

E – 6. Abandoned winter airstrip site for winter portion of the winter viability
experiment.

123

