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Abstract 

Burns Bog covers approximately 3,000 hectares between the Fraser River and Boundary 

Bay in Delta, BC.  An ecologically unique ecosystem, its hydrology and ecology have been 

widely disturbed.  Hydrology strongly shapes the character and distribution of vegetation and 

Sphagnum growth.  This study investigated measures of hydrology, including water table 

residence times and cumulative moisture deficits, to quantify intuitive relationships between 

moisture stress and ecological zones.  Regression analysis of quantitative field observations 

reveal statistically significant relationships between cumulative moisture deficits and several key 

bog plant species and Lodgepole pine (Pinus contorta) diameter at breast height, signifying that 

these relationships can be used to predict the potential for vegetation recovery.  Sphagnum height 

measurements reveal the unexpected observation that most growth occurs during the cool moist 

winter and early spring.  This study contributes to the hydrological management of Burns Bog 

and will help to guide the location and mechanisms of restoration efforts.  
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Introduction 

Burns Bog (the Bog) is the largest bog of the Fraser Lowland of British Columbia, 

covering approximately 3,000 hectares of land between the Fraser River and Boundary Bay in 

The Corporation of Delta (Figure 1; Hebda, Gustavson, Golinski, & Calder, 2000).  The Bog, 

which is said to be approximately 3,500 to 4,000 years old (Hebda, 1977)  represents a unique 

and ecologically significant ecosystem as it is one of the largest and most southern raised bogs in 

the western part of North America (Hebda et al., 2000).  The chemistry, flora, and fauna of Burns 

Bog, as well as its large size contribute to its uniqueness on both a local and global scale (Hebda 

et al., 2000).  To protect this unique ecosystem, the Government of Canada, the Province of 

British Columbia, the Greater Vancouver  Regional District (now Metro Vancouver), and The 

Corporation of Delta purchased over 2,000 hectares of Burns Bog lands, which are now 

designated as an Ecological Conservancy Area (ECA) (Metro Vancouver, 2007).  In addition to 

protecting land, the Bog is being restored to raise water table levels and encourage peat-forming 

vegetation communities to re-establish (Howie, Whitfield, Hebda, Munson, Dakin & Jeglum, 

2009). 

Peatlands are areas covered with organic deposits consisting mainly of plant detritus 

accumulated in-situ that decompose slowly in water-saturated and oxygen-poor conditions 

(Rydin & Jeglum, 2006).  Peatlands represent dynamic and complex systems, having formed 

over thousands of years (Price, Heathwaite, & Baird, 2003).  A bog is a type of peatland that 

obtains water through precipitation, has an accumulation of peat that is greater than 40 cm 

thickness (Rydin & Jeglum, 2006), and has a high water table at or near the surface during the 

moisture surplus season (fall to spring on the northwest coast of North America) and below the 

rest of the year (Zoltai & Pollett, 1979).  Bogs that accumulate peat above the regional   
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Figure 1. Location of Burns Bog in the Lower Mainland of British Columbia.  Created with 

ArcGIS 10.0. 
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groundwater table are known as raised bogs, which Burns Bog is classified as (Hebda et al., 

2000). 

On a global scale, peatlands mostly occur between lines of latitude ranging from 45 to 

65°N (Price et al., 2003) and cover approximately 3% of the surface of the Earth (Bönsel & 

Sonneck, 2011).  In North America, peatlands cover approximately 17% of the land base, with 

majority of bogs occurring in the boreal zone (Poulin, Rochefort, & Andre, 1999 as cited in 

Gorham, 1990).  Given that many peatlands occur in northern and more remote areas, they have 

avoided disturbance and pressures from development (Poulin et al., 1999).  Burns Bog, a 

peatland located south of the boreal zone and in an urban setting, has undergone extensive 

change over the last century due to peat extraction, land development (agricultural, residential, 

and industrial), and drainage (Hebda et al., 2000; Howie, Munson, Hebda, Jeglum, Whitfield, & 

Dakin, 2008).  As a result of this extensive change, the ecological integrity of the Bog is 

threatened (Hebda et al., 2000).  Restoration of the peat-forming communities at Burns Bog is 

key to ensuring the long-term viability and integrity of the diverse and unique ecosystem.  The 

main objective of this Master of Science thesis is to investigate and quantify intuitive 

relationships between the hydrological environment of Burns Bog and various vegetation 

indicators.  This information will provide an understanding of the trajectory for restoration at 

disturbed sites across the Bog and help identify potential sites and indicators to support 

vegetation recovery and peat growth. 

Peatlands and Bogs 

The National Wetlands Working Group (NWWG) (1997) broadly defines a wetland as 

“land that is saturated with water long enough to promote wetland or aquatic process as indicated 

by poorly drained soils, hydrophytic vegetation, and various kinds of biological activity which 
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are adapted to a wet environment” (p. 1; as cited in National Wetlands Working Group, 1988).  

The NWWG identifies four wetland ecosystem classes - marsh, swamp, fen, and bog.  Peatlands, 

which are a type of wetland characterized by peat accumulation (NWWG, 1997) are the most 

common type of wetland (Environment Canada, 2004).  Bogs are a type of peatland which 

receives water mostly through precipitation and are dominated by Sphagnum moss species 

(NWWG, 1997).  There are several types of bogs, including raised bogs (e.g., domed, plateau, 

and weakly raised), non-raised bogs (e.g., flat, basin, riparian), and blanket bogs (Rydin & 

Jeglum, 2006).  Raised bogs are raised above the level of swamps and fens and are often 

surrounded by a lagg fen (Rydin & Jeglum, 2006).  Non-raised bogs have gently sloping or flat 

topography and are not as isolated from surface water inflow like raised bogs (Rydin & Jeglum, 

2006).  Blanket bogs occur in humid oceanic climates and are expansive with drainage pathways 

of minerotrophic surface waters (Rydin & Jeglum, 2006).  Burns Bog is classified as a raised bog 

(Hebda et al., 2000) and is referred to as ombrotrophic as it only receive inputs of water from the 

atmosphere (Gorham, 1991).  Marsh, fens, and swamps differ from bogs in that they receive 

water inputs from ground and surface waters (NWWG, 1997).   Both bogs and fens accumulate 

peat (Environment Canada, 2004); however, bogs tend to accumulate peat above the regional 

groundwater table (Hebda et al., 2000).  The growth and upward development of peat isolates the 

bog from local mineral soil waters (Rydin & Jeglum, 2006).  

Peatlands play an important role in the carbon cycle and climate change as they store 

approximately 20% of the Earth’s carbon (Gorham, 1991; Heijmans, Dmitri, van Geel, & 

Berendse, 2008), while only occupying 3% of the Earth’s land base (Rydin & Jeglum, 2006).  

According to Gorham (1991), peat stores more carbon beneath the Earth’s surface than the plant 

material growing at the surface.  Heijmans et al. (2008) note that ombotrophic bogs are 
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especially important for carbon sequestration and that climatic changes may have significance 

impacts on global carbon cycling.  It is important to note that bogs are especially vulnerable to 

climatic changes, particularly changes in precipitation, as this is the sole input of water to these 

ecosystems (Environment Canada, 2004).    

Carbon accumulates in peatlands through the production and limited decomposition of 

vegetation (Waddington, Rochefort, & Campeau, 2003).  Decomposition occurs mainly through 

the breakdown of live vegetation and peat-forming plants such as Sphagnum mosses 

(Waddington et al., 2003).  Sphagnum represents the key peat-forming plant in bog ecosystems 

(Kuhry, Nicholsen, Gignac, Vitt & Bayley, 1993 as cited in Waddington et al., 2003) and is 

known to be a keystone species in ombrotrophic bogs (van Breemen, 1995; Munson, 2008a).  

Sphagnum moss is a particularly successful plant in bog ecosystems as it not only creates peat, it 

also creates unfavourable habitat that few plant species can withstand given its ability to create 

acidic, nutrient-poor, and anoxic substrates (van Breemen, 1995).  By creating these conditions, 

Sphagnum can out-compete a variety of other bog vegetation (van Breemen, 1995).  The 

variation of vegetation across a bog is mainly controlled by moisture-aeration and pH-base 

richness; however, the most important factor influencing bog ecology and development is 

hydrology (Rydin & Jeglum, 2006).   

 Raised bogs. Raised bogs have two functional layers, the acrotelm and catotelm (Hebda 

et al., 2000).  The acrotelm is the top aerated 40 to 50 cm of decomposing Sphagnum and is often 

referred to as the “active layer” which occurs above the lowest point of the water table level 

(Rydin & Jeglum, 2006; Hebda et al., 2000).  The acrotelm contains dense root systems of plants 

growing at the surface as well as a variety of microorganisms and invertebrates (Rydin & 

Jeglum, 2006). Within the acrotelm, peat material is typically less decomposed near the surface 
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and more decomposed at depth (Rydin & Jeglum, 2006).  The peat accumulation process occurs 

when the biomass produced by plants is greater than the biomass that is decomposed under 

water-saturated and anoxic environments (Clymo, 1992 as cited in Hebda et al., 2000).  The 

increase in decomposition and compaction in the lower acrotelm reduces the ability of water 

flow (Hebda et al., 2000).  The acrotelm is an important component of raised bog ecosystems as 

it regulates the hydrology and “directly contributes to the peat formation and ensures the long-

term sustainability … by maintaining hydrological and peat-accumulation processes” (Hebda et 

al., 2000, p. 145).  Vitality and growth of a raised bog is dependent on an undisturbed acrotelm 

(Hebda et al., 2000).  

 The catotelm, which occurs below the acrotelm, is the thickest peat layer in raised bogs 

and is permanently saturated with water (Hebda et al., 2000).  Water within the acrotelm varies 

with seasonal fluctuations in precipitation and temperature.  The catotelm is the “inactive layer” 

which is an anoxic (Rydin & Jeglum, 2006) thick layer of peat that does not contain peat forming 

aerobic bacteria (Verry, 1984 as cited in Hebda et al., 2000).  Due to the density of this layer, 

lack of oxygen, and water-saturated nature, rooting of plants and decomposition is reduced 

(Rydin & Jeglum, 2006).   

 Price et al. (2003) note that the two-layered structure of raised bogs regulates water 

storage and discharge, a feature which is key to sustaining hydrological function.  The acrotelm 

specifically, is self-regulating and helps to reduce the impact of annual fluctuations in water table 

levels on vegetation (Hebda et al., 2000).  Self-regulating mechanisms include the ability of peat 

in the acrotelm to expand and contract as water availability changes with precipitation inputs, 

lower water loss to evapotranspiration as water is held in small voids between the branch leaves 

of Sphagnum, and the ability of Sphagnum to “bleach” itself (i.e., lose colour) during times of 
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low water input, thereby increasing light reflection and decreasing photosynthesis (Hebda et al., 

2000; van Breemen, 1995).    

Hydrology. Hydrology refers to the drainage (both internal and external; NWWG, 1997), 

distribution, and movement of water (Rydin & Jeglum, 2006).  Hydrology is influenced by a 

variety of factors including climate, geological features, drainage patterns, vegetation, and 

disturbance (Naucke, Heathwaite, Egglesmann, & Schuch, 1993 as cited in Hebda et al., 2000).   

Bog ecosystems are largely defined by their hydrology, with the amount of available water, 

whether in the form of surface or groundwater, playing an important role in ecosystem 

development and functioning (Rydin & Jeglum, 2006).  Groundwater, water that resides below 

the water table, is particularly important to bog ecosystems and is measured as “depth to water 

table” (Rydin & Jeglum, 2006).  The depth of water below the bog surface controls vegetation 

gradients and characteristics, as well as peat growth (Rydin & Jeglum, 2006).  Areas which 

experience deeper depths to water (i.e., lower water table levels) are more likely to support the 

growth of tall, woody vegetation (Howie et al., 2009); whereas shallow depths to water support 

species tolerant of water saturated conditions such as Sphagnum moss.  A high water table is an 

important hydrological and ecological factor that contributes to the physiognomy of a bog 

ecosystem (Ingram, 1983).  According to Rydin & Jeglum (2006), the water tables of a bog may 

be more variable given that they are ombrotrophic and precipitation input to a bog ecosystem 

varies over time.   

The water balance, or water budget, of a bog refers to the amount of water coming in 

(inputs), going out (losses), and being stored over time (Rydin & Jeglum, 2006; Hebda et al., 

2000).   The water balance influences the type and development of peatlands.  In raised bogs, 

precipitation is the single source of water input (Hebda et al., 2000), with evapotranspiration 
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acting as the primary source of water output (Ingram, 1983).  Water that remains within a bog 

following evapotranspiration can drain by lateral seepage through the upper portion of peat 

(Hebda et al., 2000).  Ingram (1983) notes that evaporation, a primary source of water loss, can 

occur via three methods: interception loss; transpiration; and direct evaporation.  Interception 

loss refers to the evaporation of water that has collected on the surfaces of plants, while 

transpiration is the loss of water from within plants (Ingram, 1983).  Direct evaporation is water 

lost from soil and non-living material such as water body surfaces (Ingram, 1983).  In the water 

balance of a bog, water that is not lost through lateral seepage, evapotranspiration, or downward 

percolation is held in overall water storage (Hebda et al., 2000).  The capacity of a bog to store 

water is critically important for the long-term viability of the ecosystem (Sims, Matheson, & 

Yazvenko, 2000 as cited in Hebda et al., 2000), especially in those areas where summer droughts 

can reduce water table levels low enough to negatively impact peat-forming communities (Hebda 

et al., 2000).  

The hydrology and behaviour of water in a bog can be evaluated and understood in 

several ways, including the water table residence time, the moisture deficit, and the fluctuation of 

water table levels (Ingram, 1983; Helbert & Balfour, 2000; Howie et al., 2008; Howie et al., 

2009). Ingram (1983) describes the water table behaviour of raised bog ecosystems in terms of 

the “water table residence time”, the length of time the water table resides at different depths 

below the surface of a bog.  By dividing the upper peat layer of the bog, the acrotelm, into 5 cm 

depth zones, frequency histograms can be created to demonstrate the total time the water table 

resides in each depth zone (Ingram, 1983).  This approach helps to show the differences in water 

table behaviour between natural and disturbed bogs.  In addition, water table residence time can 

be used to assess the differences in water table behaviour across ecological gradients. 
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The moisture deficit can also be used to understand the water balance and hydrology of a 

bog ecosystem.  The climatic moisture deficit is the shortage of water and moisture recharge that 

occurs due to low water inputs as a result of low precipitation and high water outputs due to 

evapotranspiration (Helbert & Balfour, 2000).  The moisture deficit typically occurs in spring 

and summer months when vegetation is actively growing and evapotranspiration is highest 

(Helbert & Balfour, 2000).  In fall and winter months, when precipitation increases and plants 

become dormant, water inputs increase as outputs decrease, allowing a bog to recharge with 

water (Helbert & Balfour, 2000).  Temperature and precipitation are key factors contributing to a 

bog’s hydrology as they influence the water balance and define the moisture deficit season 

(Hebda et al., 2000).  Another factor which relates to the moisture deficit is the moisture deficit 

interval, which Howie et al. (2008) describe as the “… the time when water table drops below 

the acrotelm” (p. 54).  This measure is particularly important because when the water table 

resides below the acrotelm for long periods, peat formation is negatively impacted (Hebda et al. 

2000).   

Recorded water table elevations can be used to monitor the fluctuation of water below the 

bog surface.  Howie et al. (2008; 2009) discuss hydrological monitoring at Burns Bog used to 

evaluate the response of the water table to ditch blocking (a restoration method used to raise 

water table levels).  Hydrological data, as well as bog surface elevations, were recorded through 

the use of a network of piezometers, PVC tubes inserted to specific depths below the surface of 

the bog (Howie et al., 2009).  The piezometers are open at the top and bottom and allow water to 

enter the tube so the depth to water table can be measured from the bog surface (Howie et al., 

2009).  At the piezometers, monthly water table elevations were recorded and following three 

years of data, the seasonal fluctuations of the water table and the bog surface were assessed, with 
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data showing high winter water levels and low summer levels (Howie et al., 2009).  The 

fluctuation of the water table demonstrates seasonal changes, the differences in water table 

elevations across vegetation gradients, and the effects of restoration efforts on bog hydrology.  

 Bog physiognomy and vegetation. The physical structure and vegetational gradients of a 

bog are largely dependent on the availability and access to water below the surface (Rydin & 

Jeglum, 2006).  In addition, the physical structure, or microtopography, of a bog can be 

influenced by erosion, fallen trees, root growth, animal disturbance (i.e., burrowing and trails), 

and sediment accumulation (Bruland & Richardson, 2005).  Specific to changes in water table 

levels across a bog, the physical structure of the surface can be referred to as “hummock-lawn-

carpet-mud-bottom-pool” or “hummock-hollow” microtopography (Rydin & Jeglum, 2006).  

Hummocks are mounds of aerated peat raised above the water table (Johnson & Damman, 1991) 

by 20 to 50 cm and are often characterized by the growth of dwarf shrubs and other woody 

vascular plants (Rydin & Jeglum, 2006).  Lawns occur approximately 5 to 20 cm above the water 

table, and are characterized by graminoid species, while carpets are sparsely vegetated areas 5 

cm above and below the water table (Rydin & Jeglum, 2006).  Mud-bottom and pools are often 

inundated with water and have little to no vegetation (Rydin & Jeglum, 2006).  Hollow sites 

include all water-filled depressions (Johnson & Damman, 1991) that occur between hummocks 

such as lawns, carpets, and mud-bottoms (Rydin & Jeglum, 2006). 

 Sphagnum mosses are the keystone species group in peatlands and ombrotrophic bogs 

(van Breemen, 1995; Munson, 2008a) contributing to peat-formation and upward bog growth 

(Hebda et al., 2000).  Sphagnum is a special type of bryophyte (Rydin & Jeglum, 2006) that acts 

as an “ecosystem engineer” as it creates and is adapted to water saturated, acidic, anoxic, and 

nutrient-poor conditions in which few other plants can survive, thus gaining a competitive 
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advantage against the establishment of other plants (van Breemen, 1995).  Sphagnum can also 

tolerate low concentrations of solutes and resist decay (Rydin & Jeglum 2006).  In raised bogs, 

Sphagnum plays an important role as it is the main peat-forming plant (Hebda et al., 2000).    

Sphagnum is a non-vascular plant and water is taken up into the moss by capillary action (van 

Breemen, 1995). As water table levels lower, Sphagnum has the ability to increase capillarity 

pressure to continue to draw water up by narrowing the pores between leaves, stems, and 

branches (van Breemen, 1995).  If the water table of a bog drops too low, capillary pressure can 

become insufficient and Sphagnum cannot draw water up (Price et al., 2003).   

Johnson and Damman (1991) found that the decay characteristics of Sphagnum are 

responsible for the accumulation of peat at the bog surface.  In particular, certain species of 

Sphagnum (e.g., Sphagnum fuscum) that decay slowly are associated with hummocks as they are 

able to grow and accumulate above the bog water table at a quicker rate than they decay 

(Johnson & Damman, 1991).  Sphagnum species that decay at a faster rate (e.g., S. cuspidatum) 

are typical of hollow sites (Johnson & Damman, 1991).  The decay rates of Sphagnum can 

influence the microtopography of raised bogs through the creation of hummocks and hollows 

(Johnson & Damman, 1991). 

In addition to Sphagnum, raised bogs are characterized by a variety of graminoids (i.e., 

grasses and grass-like species), evergreen dwarf shrubs, and trees (Rydin & Jeglum, 2006).  

Herbs and aquatic vascular plants also occur in bog ecosystems (Rydin & Jeglum, 2006).  Dwarf 

shrubs are common in hummocky parts of open bogs (Rydin & Jeglum, 2006) with trees 

commonly occurring along drier margins.  The presence of woody vegetation can impact 

hydrology and Sphagnum growth (Hebda et al., 2000).  Woody vegetation takes in substantial 

water by drawing it in from deep below the surface and releasing it through transpiration (Hebda 
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et al., 2000).  Woody vegetation such as trees and shrubs can reduce the amount of precipitation 

that reaches a bog through interception and evapotranspiration (Price et al., 2003; Howie et al., 

2009).  Trees, in particular, transpire at higher rates than other bog plants thus reducing water 

availability and contributing to the drying of peat (Brooks and Stoneman, 1997 as cited in Howie 

et al., 2009).  Trees and shrubs also shade out Sphagnum, a shade intolerant species (Hebda et 

al., 2000).   

Burns Bog   

History and context. Burns Bog is an oval-shaped raised bog that covers approximately 

3,000 hectares of land in Delta, BC (Hebda et al., 2000).  The Bog is located south of the south 

arm of the Fraser River and is approximately 9 km across from east to west and 5.5 km from 

north to south (Helbert & Balfour, 2000).  The Bog is approximately 3,500 to 4,000 years old 

and has developed on silt and fine sand deltaic sediments of the southern Fraser River (Hebda, 

1977).  The topographic relief of the Bog is very gentle, with the highest elevation being 

approximately 5 m above sea level at the centre and approximately 2 m above sea level at the 

margins (Helbert & Balfour, 2000).  The Bog experiences an average annual temperate of 9.6⁰C 

with a mean average July temperature of 16.8°C and 2.5°C in January (Hebda et al. 2000).  The 

Bog receives an average annual precipitation of approximately 1,100 mm (Helbert & Balfour, 

2000) and experiences a moisture deficit from April to September or early October each year, 

when the water outputs exceed water inputs (Hebda et al., 2000).  

Burns Bog is a unique ecosystem as it represents one of the most southern raised bogs in 

North American (Hebda et al., 2000).  The Bog’s relatively low late summer water table level of 

27 to 39 cm below the surface reflects the southern climatic limit of raised bogs in North 

America (Hebda et al., 2000).  Burns Bog provides habitat for a diverse set of flora and fauna, 
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including 175 bird species, 41 mammals, 11 amphibians, 6 reptiles, 4000 invertebrate species, 

and plant species that are at their southern growing limits in North America (e.g., cloud berry 

[Rubus chamaemorus], crowberry [Empetrum nigrum], and bog rosemary [Andromeda 

polifolia]) (The Corporation of Delta, 2013c).  Several rare plant associations (provincially red-

listed) also occur within the Bog, including Lodgepole Pine-Sphagnum, Western Red Cedar-

Douglas Fir-Oregon Beaked Moss, and Grand Fir-Foamflower (The Corporation of Delta, 

2013c).  

Since the 1800s, the Bog has experienced a range of disturbance (e.g., drainage, peat 

harvesting, agriculture, and urban and industrial development) which have directly impacted the 

ecology and hydrology and threatened its long-term viability (Hebda et al., 2000).  To gain an 

understanding of the Bog’s ecological integrity and the factors needed to conserve the 

ecosystem, a major scientific review was completed (Hebda et al., 2000).  The review, entitled 

the Burns Bog Ecosystem Review, assessed the flora, fauna, hydrology, and geology of the Bog 

and noted that only 29% of the original acrotelm of the Bog remains intact (Hebda et al., 2000).  

The scientific review, combined with public concern for the unique ecosystem, encouraged the 

purchasing of Burns Bog lands by federal, provincial, regional, and municipal governments 

(Howie et al., 2008).  The purchase of 2,042 hectares of Burns Bog was completed in 2004 with 

the commitment in a Conservation Covenant to manage the raised bog ecosystem (Metro 

Vancouver, 2007) and maintain it as an Ecological Conservancy Area (ECA) (Howie et al., 

2008).  Currently, the ECA is managed by Metro Vancouver and The Corporation of Delta 

(Howie et al. 2009).   

Hydrology and drainage.  Burns Bog exhibits raised bog hydrological and drainage 

characteristics (Whitfield, Hebda, Jeglum, & Howie, 2006).  The Bog is domed-shaped, with 
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peat accumulation above the local groundwater table (Hebda et al., 2000), a two-layered peat 

deposit (with an acrotelm and catotelm), water inputs directly from precipitation, vegetation 

communities of Sphagnum and plants of the Heather family (Whitfield et al., 2006), and water 

that flows out from the centre to the margins in a radial pattern (Helbert & Balfour, 2000).  The 

hydrology of Burns Bog is shaped by its water mound (Whitfield et al., 2006); a large water 

reservoir that is held within the peat mass of the bog (Hebda et al., 2000).  The hydrology is also 

shaped by water table fluctuations within the acrotelm and a network of existing drainage ditches 

(Hebda et al., 2000).  The water mound plays an important role in sustaining the hydrological 

integrity of the Bog as does the peat which encloses the mound (Whitfield et al., 2006).  

The hydrology and drainage of Burns Bog have been shaped by several decades of 

disturbance, which affected drainage, water storage, and structural components (Hebda et al., 

2000).  Historically, Burns Bog stretched from the Fraser River to Boundary Bay, two 

waterbodies that influenced drainage patters (Helbert & Balfour, 2000).  The northern part of the 

Bog was flooded by waters of the Fraser River during significant flow events; however, diking of 

the Fraser has separated the two systems in recent decades (Helbert & Balfour, 2000).  The Bog 

also received water from the Newton Upland to the east (Helbert & Balfour, 2000).  Prior to 

disturbance, the flow of surface water was controlled by a topographic divide of a dome that 

stretched from the west-southwest to the east-northeast (Helbert & Balfour, 2000).  Historic 

topographic profiles of the Bog have identified two water domes, both approximately 5 m above 

sea level, occurring in the west-central and east-central portions of the Bog (Hebda et al., 2000).  

Areas of higher topographic relief allowed water to flow more or less radially out from water 

mounds to the margins (Helbert & Balfour, 2000).  Following peat harvesting, the water mound 

in the west was significantly impacted (Hebda et al., 2000).  
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Currently, approximately 80% of water from Burns Bog drains to the Fraser River and 

approximately 20% to Boundary Bay (Helbert & Balfour, 2000).  The present-day hydrology and 

drainage patterns of the Bog are generally consistent with historical characteristics (Helbert & 

Balfour, 2000).  The Bog still exhibits radial runoff of surface waters from the highest elevation 

areas of 5 m to the margins of the Bog at 2 m; however, drainage ditches have impacted the 

drainage pattern (Helbert & Balfour, 2000).   

According to Helbert and Balfour (2000), precipitation gradients at the Bog range from 

1,018 mm to 1,200 mm per year, with a mean annual temperature of 9.6°C.  Of the precipitation 

the Bog receives, 55% is returned to the atmosphere through evapotranspiration, 41% flows out 

of the Bog as runoff, and 4% infiltrates to groundwater (Helbert & Balfour, 2000).  Whitfield et 

al. (2006) note that the water balance of the bog is approximately 200 mm of precipitation over 

evapotranspiration in an average year; however, the Bog experiences a moisture deficit from 

April to September or early October each year when evaporation and transpiration are greater 

than precipitation (Hebda et al., 2000; Helbert & Balfour, 2000).  The Bog peat mass fills with 

water during winter months when the precipitation is greatest.  Water storage begins to decrease 

in spring when precipitation decreases and evapotranspiration increases.  Hebda et al. (2000) 

note that large volumes of stored water are required for the growth of peat-forming plant species.  

The drainage capacity of Burns Bog is much greater in its present-day state than prior to 

disturbance (Hebda et al., 2000), although recent ditch blocking has reduced this.  The 

accelerated drainage capacity can be attributed to the numerous drainage ditches that were 

installed during peat harvesting to drain the Bog and lower the water table (Hebda et al., 2000).  

Ditches contribute to the movement of water from the Bog as runoff, increasing the rate of 

normal water discharge (Hebda et al., 2000).  Ditches also lower the water table level, 
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accelerating peat decomposition (Hebda et al., 2000).  Howie et al. (2009) note that lower water 

table levels have been observed in areas of Burns Bog which have drainage ditches.  For peat 

formation to be maintained within a raised bog, large volumes of water need to be held in storage 

(Hebda et al., 2000).    

An appropriate moisture deficit is integral to maintaining peat-forming plant communities 

(Hebda et al., 2000).  Hydrological monitoring of Burns Bog is conducted through a network of 

piezometers installed across several vegetation and ecosystem gradients (Howie et al., 2008; 

Howie et al., 2009).  Based on hydrological monitoring that has been underway since 2005, 

Burns Bog experiences seasonal water table fluctuations, with high water table levels occurring 

in winter and low water table levels at the end of summer (Howie et al., 2009).  In the interior of 

the Bog, the water table fluctuates within the acrotelm over the course of a year, with a 

maximum fluctuation of 0.44 m (Howie et al., 2009).  The forested margins of the Bog 

experience the greatest fluctuation in water table levels, with a difference of 0.99 m between wet 

and dry seasons, depths that drop well below the mark of a healthy acrotelm (Howie et al., 2009).  

The large fluctuations of the water table elevations at the forested edges of the Bog may be 

attributed to the higher permeability of the catotelm and/or the presence of drainage ditches that 

increase runoff (Howie et al., 2008).  The minimum water table position during dry summer 

months is directly related to peat formation and the distribution of Sphagnum communities 

(Hebda et al., 2000).   

Water table residence times have not been investigated for Burns Bog and as such, the 

work by Ingram (1983) is applicable.  Ingram (1983) explains water table fluctuations of raised 

bog ecosystems through the use of water table residence times, showing seasonal fluctuations in 

the amount of time the water table resides at different depths below the bog surface.  Ingram 
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(1983) notes that an uncultivated raised bog in Germany experiences higher winter water table 

levels, while a grassland bog experiences two water table peaks, one during the summer and 

another in winter.   Water table residence times, combined with the climatic moisture deficit, are 

important tools to understanding moisture stress of a bog.  The cumulative moisture deficit, 

which represents the deficit of water within the peat profile over a period of time (e.g., six years) 

relative to a fully charged/saturated profile, can also be used to understand the differences in 

moisture stress (R. Hebda, personal communications, March 21, 2014).  Substantial research has 

yet to be conducted on the relationship between the measures of hydrology (i.e., water table 

residence times and cumulative moisture deficit) and the vegetation gradients and communities 

of Burns Bog.  Evaluating the moisture deficit of the Bog is important to understanding the 

duration and intensity of moisture stress across ecological zones. This understanding will aid in 

predicting vegetation communities that may be able to be sustained in areas of the Bog that 

require restoration of peat-forming plant communities.     

Vegetation physiognomy and composition.  Burns Bog occurs in the Coastal Douglas-

fir (CDF) biogeoclimatic zone of BC (Nuszdorfer and Boeltger, 1994 as cited in Hebda et al. 

2000) and exhibits vegetation typical of a raised bog ecosystem including plant communities 

dominated by Sphagnum and members of the heather family (Hebda et al., 2000).  Common 

ecological gradients that occur across undisturbed areas of the Bog are: Lodgepole pine – Salal 

ecosystem; Lodgepole pine – Sphagnum treed ecosystem; Lodgepole pine – Sphagnum – tall 

shrub ecosystem; Lodgepole pine – Sphagnum – low shrub ecosystem; and Rhynchospora – 

Sphagnum ecosystem (Madrone Consultants Ltd., 1999; Munson, 2008b).   

The ecological zones and associated vegetation patterns of the Bog are shaped by 

hydrology and disturbance.  At the drier margins in the south and west, the Lodgepole pine – 
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Salal ecosystem is common on unexcavated peat (Hebda et al., 2000).  This ecosystem is 

characterized by forest stands of lodgepole pine (Pinus contorta) with dense cover of salal 

(Gaultheria shallon) and Labrador tea (Ledum groenlandicum) as well as bracken fern 

(Pteridium aquilinum) (Hebda et al., 2000).  Sphagnum does not grow very much in the forested 

Lodgepole pine – Salal ecosystem; however, it can establish and grow in the Lodgepole pine – 

Sphagnum tall shrub ecosystem which has a higher water table level.  The Lodgepole – pine 

Sphagnum ecosystem covers approximately 45% of the Bog and includes a variety of shrub and 

Sphagnum species (Hebda et al., 2000).  The tall shrub ecosystem is characterized by dense 

cover of tall L. groenlandicum (growing 0.9 to 1.1 m in height), tall P. contorta, G. shallon, 

velvet-leaf blueberry (Vaccinium myrtilloides), and hummocks of Sphagnum (Hebda et al., 

2000).  Transitioning into more moist areas of the Lodgepole pine – Sphagnum ecosystem, the 

low shrub series occurs and is characterized by low-growing bog blueberry (Vaccinium 

uliginosum), L. groenlandicum, A. polifolia, and bog laurel (Kalmia microphylla subsp. 

occidentalis) (Hebda et al., 2000). Large hummocks occur in the low shrub series, formed by 

common red Sphagnum (Sphagnum capillifolium), with reindeer lichen (Cladina portentosa) 

growing in dry microsites (Hebda et al., 2000).  The low shrub ecosystem covers approximately 

23% of the Lodgepole pine – Sphagnum ecosystem and is the main peat-forming area of the Bog 

(Hebda et al., 2000).  In moist, open areas of the Bog, the Rhynchospora – Sphagnum ecosystem 

occurs.  Vegetation typical of this ecosystem includes white beak-rush (Rhynchospora alba), a 

carpet of Sphagnum species (dominantly Sphagnum tenellum), bog cranberry (Vaccinium 

oxycoccus), and round-leaved sundew (Drosera rotundifolia) (Hebda et al., 2000).  Lodgepole 

pine grows across the Bog, with large established pines at the drier margins and low-growing 

stunted trees in moist open bog sites.  
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Sphagnum and heath plant communities once covered much of the extent of the Bog 

(Hebda et al., 2000).  These vegetation types can be sustained in a hydrological environment in 

which the water table does not decrease to more than 30 to 50 cm below the surface during the 

summer (Hebda et al., 2000).  Drainage of the Bog and lowering of the water table created 

conditions favourable to increased growth of P. contorta, G. shallon, and L. groenlandicum 

(Golinski, 2000 as cited in Hebda et al., 2000; Howie et al., 2008).  Increased tree growth and 

encroachment has impacted the water balance of the Bog as trees intercept precipitation and 

increase evapotranspiration (Hebda et al., 2000; Whitfield et al., 2006; Price et al., 2003).  Trees 

also shade out Sphagnum (Hebda et al, 2000), a species which cannot grow under dense canopy.  

At the drier margins of the Bog where drainage ditches strongly influence runoff and land was 

converted for agricultural purposes, tree growth and establishment has increased (Howie et al., 

2009; Howie et al., 2008).   In wet areas of the Bog, the density and diversity of Sphagnum 

species has been negatively impacted by increased tree and shrub cover (Golinski, 2000 as cited 

in Hebda et al., 2000).    

Disturbance. Burns Bog has been impacted by many types of disturbance, including: 

drainage; infill; peat mining; anthropogenic impacts; and fire (Hebda et al., 2000).  These 

disturbances have resulted in negative impacts to the hydrology and ecology of the Bog.   As a 

result of disturbance, original bog communities have been destroyed, the peat surface has been 

covered or removed, and hydrological conditions have been altered (Hebda et al., 2000).  

European settlement in the late 1800s and subsequent agriculture at the Bog margins led to infill 

and the establishment of drainage networks to remove excess water (Hebda et al., 2000).  

Drainage ditches were also created during the 1930s to lower the average water table depth to 

allow for easier access to peat for mining (Hebda et al., 2000).  Peat mining continued at the Bog 
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until the mid-1980s (The Corporation of Delta, 2013a).  It is estimated 40% of the Bog was 

affected by peat harvesting which removed vegetative cover and destroyed soils, including the 

acrotelm and upper catotelm layers (Hebda et al., 2000).   The extensive network of drainage 

ditches and ponds resulting from peat mining altered the Bog’s water balance and its ability to 

store water (Hebda et al., 2000).  A bog’s ability to regulate hydrology and store water is key to 

ensuring long-term functionality of bog ecosystems and peat-forming processes.  Lower water 

tables can dry out surface vegetation (The Corporation of Delta, 2013b) and reduce the ability for 

Sphagnum species to grow and establish.   

Land development also impacted the ecological integrity of the Bog (Howie et al., 2008).  

Industrial development, in particular, has reduced the size of the Bog through the establishment 

of the City of Vancouver landfill in the south and the infilling of the Bog for industrial use along 

the northern margin (Hebda et al., 2000).  The Bog has also been filled for roads and highways 

(e.g., Highway 91 and recently the South Fraser Perimeter Road) and cranberry and blueberry 

fields (Hebda et al., 2000).  The infilling of land and other disturbances have permanently 

isolated the bog from surrounding natural ecosystems and altered essential ecosystem 

characteristics (Hebda et al., 2000).   

Climate change threatens the Bog’s ecological integrity as a result of changes in 

temperature and precipitation patterns (Whitfield et al., 2006).  Howie et al. (2009) note that 

wetter winters and long, hot and dry summers are expected to occur in the region as a result of 

climate change, which will impact the amount of water received by the Bog and how much water 

can be stored throughout the moisture deficit season.  Peat formation within the acrotelm 

requires actively growing Sphagnum, which is dependent on water storage and availability 

(Whitfield et al., 2000).   
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Restoration. Restoration efforts at Burns Bog have been underway for over a decade 

(Howie et al., 2009).  Starting in 2001, numerous drainage ditches were blocked to increase the 

water table level and regenerate the growth of Sphagnum in forested edge habitat of the Bog 

(Howie et al., 2009).  Ditch blocking was initiated as a restoration tool to reduce the amount of 

water draining from the Bog and to help in the maintenance of a high water table during drier 

months of the year (Howie et al., 2008).  To monitor water table fluctuations across the Bog, 

including the response of water table elevations to ditch blocking, a network of piezometers was 

installed starting in 2005 (Howie et al., 2008).  Vegetation monitoring was also initiated in 2005 

in the southwest corner of the Bog to assess and monitor changes in vegetation communities that 

may occur as a result of ditch blocking (Howie et al., 2008).  Restoration efforts continue at 

Burns Bog and are largely focused on restoring the Bog’s hydrology to create favourable 

conditions for the growth and recovery of Sphagnum (The Corporation of Delta, 2013b).  

Various studies have been conducted on the restoration of Burns Bog (Whitfield et al., 

2006; Howie et al., 2009).  Howie et al. (2009) described the techniques used to block ditches 

across the Bog, evaluated the changes in water table levels as a response to the ditch blocking 

program, discussed the results of vegetation monitoring and response of vegetation to increases 

in the water table, and provided context on the potential for improving the predictability of 

hydrological recovery of bog ecosystems.  Howie et al. (2009) reported that the water table 

levels of Burns Bog increased over a three and a half year period, which may be attributed in 

some areas to the ditch blocking program.  The study also reported the establishment of new 

Sphagnum colonies, as well as increases in the height and the percent cover of Sphagnum at 

several vegetation plots evaluated.  
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Whitfield et al. (2006) evaluated the importance of restoring the hydrologic regime of the 

Bog.  In regard to this, Whitfield et al. (2006) discussed three hydrological problems of the Bog 

that need to be addressed in order to maintain or enhance ecological integrity: excessive 

drainage; the natural lagg transition zone at the Bog margins; and the succession of bog 

vegetation to coniferous forests which causes increased interception and transpiration of water.   

Whitfield et al. (2006) also considered the potential impacts of climate change and the potential 

significance of this change given that Burns Bog is found further south relative to other raised 

bogs in western North America.  Key recommendations to restore the hydrology of the Bog 

include: eliminating drainage ditches to assist in the maintenance of a higher water table; 

reducing the encroachment of forest vegetation through planned thinning and tree removal; and 

restoring the transitional lagg zone at the margins of the Bog (Whitfield et al., 2006).  As 

Whitfield et al. (2006) summarize, restoring the ecological and hydrological function of the Bog 

is very important if the Bog is to be resistant to anticipated climatic changes.   

Research Objectives and Questions 

Disturbance to the Bog has resulted in many areas that require restoration to rebuild 

important peat-forming vegetation communities.  The focus of this research is to investigate the 

hydrological environment of Burns Bog, specifically the moisture deficits across varying 

ecological zones and to link the deficits to vegetation indicators, plant species composition and 

cover, Sphagnum growth, and tree growth.  The information obtained through this research will 

help to quantify intuitively interpreted relationships between moisture stress and ecological 

zones of the Bog.  The moisture deficit of the Bog has yet to be investigated in a way that 

considers both the duration and intensity of moisture stress.  Quantifying the relationships we see 
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in nature will allow for a better understanding of the trajectory and potential recovery at a 

disturbed site given the moisture deficit it experiences.     

To investigate the relationship between moisture deficit and vegetation indicators, the 

following main research question was assessed:   

 Could measures of the cumulative moisture deficit be used to indicate the 

potential of a site to support bog vegetation recovery and peat growth?   

To answer this research question, the following subsidiary and related questions were 

examined:  

 Does a relationship exist between cumulative moisture deficit and percent cover 

estimates of key bog plants? 

 Does a relationship exist between cumulative moisture deficit and percent cover 

estimate of Sphagnum? 

 Does a relationship exist between cumulative moisture deficit and Sphagnum 

growth? 

 Does a relationship exist between cumulative moisture deficit and the diameter at 

breast height (dbh) of pines (Pinus contorta)? 

 How do water table residence times vary across undisturbed vegetation 

communities of Burns Bog?   

Quantitative research of the Bog's moisture deficit (i.e., the duration and intensity of 

moisture stress within the peat profile) will guide the location and mechanisms of restoration 

efforts across the Bog.  The findings of this research will contribute to the hydrological 

management of the Bog and support research needs of the Burns Bog Scientific Advisory Panel 

(SAP).   
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Methods 

Study Site Selection 

Twelve study sites were established across undisturbed vegetation communities within 

Burns Bog, in the southern third and north-west corner (Figure 2; Hebda et al., 2000).  Sites were 

chosen to represent five distinct ecological zones that occur across the Bog, from moist open bog 

areas to drier, treed edges (Table 1).  Within the ecological zones, specific site locations were 

based on the presence of previously installed piezometers.  Piezometers measure water table 

fluctuations of the Bog as well as changes in the bog surface elevation relative to mean sea level 

(Howie et al., 2009).  Accordingly, study sites were located so that at least one piezometer was at 

or within 50 m of each study site.  Following this site selection protocol, the 12 sites were 

located north of the City of Vancouver landfill, near the 96
th

 Street access to the Bog, and at the 

northern extent of the 80
th

 Street access.  These areas also contain long-term monitoring transects 

established by Metro Vancouver to assess changes in bog hydrology and vegetation. 

Field Observations 

A range of observations was made at each of the 12 study sites to establish hydrological 

and vegetation characteristics and to facilitate analysis of their relationships.  Hydrological 

attributes included monthly water table elevation recordings at piezometers.  Vegetation and 

plant growth observations included percent cover estimates, Sphagnum growth, and tree density 

and height.  As appropriate and for long-term consistency, field sampling was guided by 

Munson’s (2008) Burns Bog Ecosystem Monitoring Project Field Methods Manual – Update. 

Vegetation. Four 1 m by 1 m vegetation plots were installed in September 2012 at each 

study site to assess percent cover estimates of bog plant species (total of 48 vegetation plots).  In   
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Figure 2. Location of study sites (piezometers) across Burns Bog.  Created with ArcGIS 10.0. 
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Table 1  

Piezometers selected as study sites for research and the ecological zone in which they occur, 

based on information in Hebda et al. (2000) and Munson (2008) 

Piezometer/Study Site Ecological Zone 

Delta 05-01 Lodgepole pine – Salal 

Delta 05-02 Lodgepole pine – Salal 

TH9 Lodgepole pine – Sphagnum – tall shrub 

Delta 05-04 Lodgepole pine – Sphagnum – tall shrub 

BB5 Lodgepole pine - Sphagnum 

BB6 Lodgepole pine - Sphagnum 

Delta 05-05 Lodgepole pine – Sphagnum – low shrub 

Delta 06-15 Lodgepole pine – Sphagnum – low shrub 

Delta 05-08 Lodgepole pine – Sphagnum – low shrub 

Delta 05-06 Rhynchospora – Sphagnum 

Delta 05-10 Rhynchospora – Sphagnum 

Delta 06-16 Rhynchospora – Sphagnum 

 

general, at each site plots were offset by 3 m in the four cardinal directions from the piezometer.  

In some instances the plots were placed more than 3 m distance to avoid wildlife and access 

trails.  Each vegetation quadrat was subdivided into 10 cm by 10 cm units, which was used to 

estimate percent cover of all vascular plant species.  The total percent cover estimate of 

Sphagnum was also recorded for each plot.   

Percent cover estimate data from permanent vegetation monitoring plots established by 

Metro Vancouver in 2001 was also used as part of this research.  Permanent vegetation plots 

within a 50 m radius of the study sites (i.e., piezometers) were chosen as additional vegetation 

plots for the study and were analysed separately from the plots installed in September 2012.   

Tree density and diameter. To investigate the relationship between tree growth and 

moisture, the number of lodgepole pine (Pinus contorta) trees and their diameter at breast height 

(dbh) was measured within a 10 m radius of each piezometer.  Diameter at breast height 
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measurements were made using a tape measure in September and November 2013 and converted 

to dbh in Microsoft Excel 2010.  The dbh of all trees within each radial plot was averaged to 

create one dbh value for comparison against moisture deficit values.  

Sphagnum height. The height of Sphagnum was measured at 14 vegetation plots using 

an adapted point intercept sampling method.  Point intercept sampling is commonly used in 

grassland vegetation monitoring and involves the use of a horizontal frame suspended over an 

area of vegetation (Gayton, n.d.).  As part of this research, long pins were inserted vertically into 

nine holes along the top of a horizontal wooden frame.  If the pin touched Sphagnum when 

inserted into the frame, a measurement was taken of the distance between the top of the frame 

and the end of the pin.  Only Sphagnum growing in hummocks and not hollows was measured as 

Sphagnum growth at hummocks can be assessed for vertical change in height.  Sphagnum height 

was recorded in September 2012, the spring of 2013 (March to May), and September 2013.  Of 

the data from the 14 plots in which Sphagnum height was recorded, all but five plots had three 

height measurements completed (i.e., height was measured at five plots only twice).  The 

horizontal wooden frame used to measure Sphagnum height was developed by Metro Vancouver 

and Thomas Munson in 2012 and is used to measure change in height at the permanent 

vegetation monitoring plots.  Sphagnum height measurements were averaged at each plot to yield 

one height measurement per plot.  

Hydrology. Hydrological data in this study focused on water table elevation recordings 

from the network of piezometers that are monitored on a monthly basis by The Corporation of 

Delta (Howie, 2012).  Water table elevations were used to calculate annual mean water table 

depths, water table residence times, and cumulative moisture deficits.  The water table residence 



RESTORATION OF BURNS BOG  39 
 

 

times and cumulative moisture deficits were chosen as measures of the hydrological environment 

of the Bog as they have yet to be investigated and described for Burns Bog.    

Piezometers were installed across the Bog beginning in 2005 and measure the fluctuation 

of seasonal water levels in shallow (acrotelm) and deep (catotelm) depths below the surface of 

the bog relative to mean sea level (Howie et al., 2005).  The piezometers installed are 25 mm 

diameter slotted PVC tubes that are anchored to the silt layer beneath the peat with a steel rod 

(Howie et al., 2009).  Water enters the piezometer through the slots in the PVC tube.  To allow 

for comparison against a common datum, piezometers were surveyed with a GPS and their 

position relative to mean sea level was recorded (Howie et al., 2009).  Water levels at the 

piezometers are manually measured by Delta monthly using a water level monitoring tape that is 

inserted into each PVC piezometer.   

Depths to water table used to calculate the mean water table positions, water table 

residence times, and the cumulative moisture deficit (CMD) values were not corrected for 

surface fluctuations (i.e., mire breathing) and are not geodetic measurements.  For this research, 

water levels recorded at shallow depths below the bog surface were analysed, which represents 

water fluctuations within and slightly below the acrotelm.  Although several of the piezometers 

used in this study were installed earlier, the data used for this analysis span 2007 to 2012 to 

cover the same time interval for all study sites.  

Data Compilation 

Vegetation. Following data collection, eight common bog plant species were chosen to 

be the focus of the data analysis: bog rosemary (Andromeda polifolia); reindeer lichen (Cladina 

portentosa); salal (Gaultheria shallon); western bog-laurel (Kalmia microphylla subsp. 

occidentalis); Labrador tea (Ledum groenlandicum); white beak-rush (Rhynchospora alba); bog 
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cranberry (Vaccinium oxycoccus); and bog blueberry (Vaccinium uliginosum).  Percent cover 

estimates of the eight key bog plants were averaged at each study site to yield one percent cover 

estimate per plant species per site.  The average percent cover estimate of Sphagnum (hummock 

and hollow cover) was analysed for the monitoring plots installed as part of this study (i.e., those 

installed in September 2012) and data of the percent cover of Sphagnum tenellum (hollow-

growing species) and Sphagnum capillifolium (hummock-growing species) were analysed from 

the permanent plot data.  Sphagnum cover for the monitoring plots installed as part of this study 

was not differentiated by species but by hummock or hollow cover.  

Percent cover estimate data from permanent vegetation plots within 50 m of the selected 

piezometers was also used to assess the relationships between cumulative moisture deficit and 

the key bog plant species.  Data from June 2012 and June 2013 were averaged for each of the 

eight key bog species per plot and Sphagnum (if growing in plot).  The percent cover data sets 

for plots installed as part of this study and the permanent plots were analyzed separately as the 

two data sets were found to have different results when assessed against the CMD values.  Plants 

cover estimates were obtained at the plots installed as part of this study in September 2012 

whereas the permanent vegetation monitoring plots were initially installed in 2005 and are 

assessed each year in June through Metro Vancouver.  

Precipitation and temperature. To aid in the interpretation of cumulative moisture 

deficit values and water table residence times, precipitation and temperature data from 2006 to 

2012 was amalgamated from a variety of sources.  Precipitation and temperature data was 

obtained, where available, through the Environment Canada Vancouver International Airport 

station (YVR; Station ID: 1108447; Environment Canada, 2012a) the Environment Canada Delta 

Burns Bog weather station (Station ID: 1102415; Environment Canada, 2012b) as well as the 
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Burns Bog weather station monitored by The Corporation of Delta (The Corporation of Delta, 

2013d).  

Water table residence time. The water table residence time represents the length of time 

the water table resides at difference depths below the surface of a bog (Ingram, 1983).  To 

describe the water table regime of the Bog, frequency histograms of water table residence times 

were developed for each study site for each year of data.  For the purpose of comparison, a 

histogram representing the six-year average (2007 to 2012) was created for each site.  

Calculations of residence times were based on the work of Ingram (1983).  Ingram (1983) 

described that the acrotelm of a bog can be divided into 5 or 10 cm layers and the total time the 

water resides within each layer can be calculated to create frequency histograms.  The 

histograms provide a visual of the general character of the water table behaviour at a given site 

(Ingram, 1983).     

Cumulative moisture deficit.  The cumulative moisture deficit is a representation of the 

duration and intensity of moisture stress, measured in “cm-days”.  It is an area calculation based 

on the position of the water table multiplied by the duration of time at that water table depth.  

Some bog research focuses on the depth of the water table as a contributing factor in the 

establishment and growth of species and the vegetation pattern in a bog and does not include a 

temporal factor (e.g., Howie et al., 2009).  The cumulative moisture deficit takes into 

consideration the varying depth of the water table during the moisture deficit season (i.e., March 

to November) and includes the typical lowest point of the water table.  The Bog is known to 

experience a typical moisture deficit interval from April to late September/early October (Hebda 

et al., 2000).  Accordingly, the interval from the beginning of March to the start of December 

was selected to describe the annual cumulative moisture deficit.   
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For each site, the cumulative moisture deficit was determined using the recorded monthly 

piezometer water table elevations from 2007 to 2012.  The calculation assumed that monthly 

water table elevations remained constant between recordings.  To determine the moisture deficit 

value for each season (i.e., from March to December), three area calculations were required.  

Figure 3 shows an example of the area calculations completed for water table recordings at Delta 

05-02, a dry treed site at the edge of the Bog, and Table 2 provides an example of the moisture 

deficits calculations for Delta 05-02 for the year 2007.  Lower and upper thresholds, or reference 

levels, were used to give boundaries to the area calculations, with the lower threshold being 1.0 

m below the bog surface as the water table does not drop below this level at any of the study 

sites.  The two upper thresholds used to calculate the monthly CMD were the bog surface 

(represented as zero in the data) and the high water mark of each year.  The surface as the upper 

threshold determines the deficit between the bog surface and the water table position.  The 

annual high water table as the upper threshold calculates the deficit between the highest position 

of the water table over the year and the fluctuating water table position.  Use of the surface as the 

upper threshold allows for the CMD to be calculated with a common reference level across all 

study sites, whereas the high water table as the upper threshold accounts for the variability in 

water table fluctuations at each site.   

Three area calculations were required to determine the yearly and annual accumulated 

moisture deficits for each study site (Table 2 and Figure 3).  The first area calculation (Area A1) 

represents the total number of days between March 1
 
and December 1 each year multiplied by a 

depth of 1.0 m.  To determine Area B, the cm-days area below the shallow pipe depth to water 

table curve, each monthly water table depth was subtracted from the lower threshold of 1.0 m 

and multiplied by the number of days at depth (i.e., the number of days between water table 
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recordings; see Table 2).  To determine Area C, the moisture deficit with the bog surface as the 

upper limit, Area B was subtracted from Area A and multiplied by 100 to convert to cm-days 

(see Table 2).  To determine the moisture deficit with the high water mark as the upper threshold, 

represented as Area A2, the total number of days from March to December was multiplied by the 

high water table value for that year subtracted from the lower threshold.  For some sites, the high 

water table was at the bog surface or above during the moisture deficit season, and as such, the 

surface served as the high water table.  Long-term moisture characteristics shape vegetation and 

peat-forming communities and so the moisture stress experienced at a site should be represented 

as the cumulative moisture deficit over time and not just a single year’s moisture deficit.  

 

Table 2  

Calculations for the Moisture Deficit at Delta 05-02 for 2007 

Bog Surface as Upper Threshold 

Number of days between March 1 and December 1, 2007 275 days 

Area A1: 275 days * 1.0 m lower threshold 275 m-days 

Area B: Sum of m-days below water table curve 174.29 m-days 

Area C: (Area A1 - Area B) * 100 10,071.00 cm-days 

High Water Table of 0.19 m as Upper Threshold 

Number of days between March 1 and December 1, 2007 275 days 

Area A2: 275 days * (1.0 m - 0.19 m) 222.75 m-days 

Area B: Sum of m-days below water table curve 174.29 m-days 

Area C: (Area A2 - Area B) * 100 4,846.00 cm-days 

Area B – Area Below Water Table Curve 

Water table depth as recorded on March 13, 2007 0.19 m 

Number of days at depth (days between March 13 and April 12, 2007 

readings)  

30 days 

Depth from water table elevation to lower threshold (1.0 m lower 

threshold – 0.19 m) 

0.81 m 

Area B for March 13 to April 12, 2007 (0.81 m * 30 days) * 100 2430 cm-days 
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Figure 3. Areas used to calculate the Cumulative Moisture Deficit.  Area A1 and A2 represent 

the number of days between March 1 and December 1 multiplied by a depth of 1.0 m (A1) or 

multiplied by depth of the high water table subtracted from 1.0 m (A2). Area B represents the 

cm-day area below the water table curve and Area C represents the moisture deficit cm-day area 

between the bog surface and the water table curve. 

 

Numerical Analysis 

Regression analysis was used to evaluate the relationship between cumulative moisture 

deficit values and the selected variables (i.e., percent cover values of key bog species and 

Sphagnum, tree dbh, and Sphagnum height).  The selected variables represented the dependent 

Area C 

High Water Table 

Area A1 

Area B 

Area A2 
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variables (observed parameters) in the analysis while the cumulative moisture deficit served as 

the independent variable (fixed values).  Regression analysis was chosen to quantify the strength 

of the relationship between the independent variable and the dependent variables.  This 

relationship can then be used to predict the value of one variable based on the value of another 

variable (Elliot & Woodward, 2007) and thus for this study, the regression analysis would allow 

for prediction of observed parameters based on certain cumulative moisture deficit values.  The 

null hypotheses tested assumed no relationship between the cumulative moisture deficit values 

and vegetation indicators.   

Data manipulation was conducted in Microsoft Excel 2010 and analyses were performed 

using JMP 11.0 and Microsoft Excel 2010. Scatterplots were used to examine relationships and 

the R-squared statistic was used to evaluate the strength of relationships.  Residuals were 

calculated and assessed using residual plots and studentized residuals (greater or less than +3/-3) 

to evaluate the presence of outliers.  Residuals were only removed if they were found to greatly 

impact the significance level being tested for.  Analysis of Variance (ANOVA) was used to test 

for significance, which was indicated through a p-level of .05 or less. 

Assumptions and Limitations 

Assumptions of the field measurements and data analysis included:  rebar installed to 

demarcate vegetation plots remained at a stable elevation between the times of Sphagnum height 

measurements; moisture deficit calculations assume that the water table elevations are constant 

between recordings; and the period of moisture stress occurs between March 1 and December 1 

of each year.  It is important to note that the percent cover values used in the analysis for the 

installed and permanent vegetation monitoring plots is raw data and has not gone through a 

quality assurance/quality control assessment.   



RESTORATION OF BURNS BOG  46 
 

 

Results 

Field observations, data compilation, and statistical analysis were found to yield several 

important results.  Precipitation and temperature are described first to provide climatic context, 

followed by the results of the hydrological monitoring and vegetation field measurements.  The 

statistical analysis of the relationship and measures of moisture deficit and vegetation indicators 

are then outlined.  Raw data are provided in appendices, specifically water table elevation 

diagrams for each site (Appendix A) and the annual moisture deficits values (Appendix B).  

Precipitation and Temperature 

Precipitation and temperate determine the water balance and define the moisture deficit 

season.  The monthly total precipitation and mean monthly temperatures from 2007 to 2012 for 

Burns Bog are shown in Tables 3 and 4, respectively.  Precipitation and temperature values 

demonstrate the seasonality (monthly variation) the Bog experiences over the course of the year.  

The pattern is characterized by high precipitation and low mean temperatures during winter and 

early spring months, low precipitation and relatively high mean temperatures in the late spring 

and summer.  Over the six-year period, July was both the driest and warmest month. This pattern 

shapes the moisture deficit interval of the Bog, which occurs during the period of low 

precipitation and higher temperatures in April to September or early October each year.  Annual 

precipitation and the seasonal distribution vary wildly.  Between 2007 and 2012, the Bog 

received its highest precipitation in 2012 with 1207.03 mm and its lowest precipitation amount in 

2008 with 822.31 mm, a difference of 384.72 mm or approximately 47%.  Although the total 

precipitation in 2012 is the highest received over the six-year period, the summer precipitation 

totals (i.e., dry season) were exceptionally low, followed by exceptionally high fall and winter 

precipitation (i.e., wet season). In 2008, precipitation during winter and spring months was low 
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comparable to amounts received in other years.  Temperatures appeared to be relatively 

consistent across the six-year period.  The highest dry season mean temperature occurred in July 

2009 at 18.52°C, and the lowest mean wet season temperature occurred in December 2008 at 

0.34°C.  The variation in precipitation year to year and season to season is expected to influence 

the characteristics of the moisture deficit interval. 

A precipitation gradient exists across Burns Bog with the highest precipitation occurring 

in the northeast corner of the Bog and the lowest in the southwest (Cheng, 2011).  In the 

northeast, yearly total precipitation from March 2009 to March 2010 was found to be 

approximately 1,513 mm, and in the southwest the total precipitation during this period was 

estimated to be 1,156 mm (Cheng, 2011), a difference of 357 or approximately 31%.  The 

precipitation gradient may be important in shaping the water balance and differences in the water 

table characteristics across the Bog.   

Table 3  

Monthly and yearly total precipitation (mm) for Burns Bog, 2007 to 2012 

Month 

Total Precipitation (mm) 

2007 2008 2009 2010 2011 2012 

January 154.75 50.07 149.74 164.04 186.30 129.27 

February 117.05 52.43 48.00 95.55 89.40 124.42 

March 240.42 60.08 101.52 70.68 152.00 116.89 

April 16.34 50.02 70.48 19.22 95.60 89.41 

May 53.40 42.41 75.19 57.03 93.80 59.22 

June 68.65 30.91 40.44 34.27 41.00 89.78 

July 54.90 14.32 11.12 1.93 37.60 44.18 

August 11.27 85.95 27.35 101.24 19.60 9.07 

September 84.63 27.26 51.80 169.77 69.60 6.97 

October 157.46 85.23 166.78 100.46 73.60 187.35 

November 67.72 203.99 277.46 172.80 123.40 158.69 

December 58.29 119.64 69.85 188.28 86.60 191.78 

Total 1084.87 822.31 1089.72 1175.28 1068.50 1207.03 

Note. Precipitation totals based on readings at the Corporation of Delta Burns Bog Station (Corporation of 

Delta, 2013) and from the Environment Canada YVR Station for 2011 (Environment Canada, 2012a).  
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Table 4  

Monthly mean temperature (°C) for Burns Bog, 2007 to 2012 

Month 

Mean Temperature (°C) 

2007 2008 2009 2010 2011 2012 

January 2.90 2.03 1.43 6.46 4.21 2.91 

February 5.25 4.52 3.12 6.33 3.44 4.53 

March 6.73 5.23 3.87 7.20 6.87 5.38 

April 10.87 6.78 8.35 9.44 7.33 9.13 

May 11.37 12.00 11.80 11.35 11.19 11.77 

June 13.52 13.41 15.99 14.28 15.26 13.62 

July 17.88 16.19 18.52 16.71 17.22 16.96 

August 16.13 16.43 14.95 16.70 18.23 17.66 

September 12.72 13.21 13.59 14.53 15.95 14.03 

October 8.65 8.62 8.69 10.48 9.90 9.41 

November 4.25 7.20 6.21 4.24 5.15 6.41 

December 2.37 0.34 0.67 4.32 3.79 4.15 

Average 9.39 8.83 8.93 10.17 9.88 9.66 

Note. Mean temperature based on readings at the Corporation of Delta Burns Bog Station (Corporation of 

Delta, 2013) and from the Environment Canada YVR Station for 2011 (Environment Canada, 2012a). 

 

Hydrology 

To understand the hydrological patterns and behaviour of water at Burns Bog specifically 

over the six-years of study, water table elevations, water table residence times, and the 

cumulative moisture deficit (CMD) for the 12 study sites were calculated and compared.  Water 

table elevations demonstrate the seasonal high and low water table levels, which combined with 

precipitation and temperature values helps to identify the potential impact of the climate on the 

water table.  The fluctuation of the water table elevations was used to determine the water table 

residence times and the CMD for each of the 12 study sites.  Variation in the hydrological 

environments across the five ecological zones became apparent through the analysis of the water 

table elevations, residence times, and CMD.   

Water table elevations and residence times.  To demonstrate the complexity and 

fluctuation of the water table, Figure 4 shows the depth to water table for representative sites 
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within each ecological zone as well as monthly precipitation totals from 2007 to 2012.  Table 5 

lists the low and high water mark for the representative sites shown in Figure 4 as well as total 

yearly precipitation.  In addition, Table 6 details the mean water table position for the study sites 

from 2007 to 2012 as well as a six-year average water table position.  Six-year average 

frequency histograms of water table residence times at the 12 study sites are presented in Figure 

5 to 16.  The frequency histograms show the time the water level resides within the depth zones, 

in particular, the vertical axis represents the interval between two depth zones (e.g., the 0.05 m 

depth zone represents the interval between a depth of 5 cm and 10 cm).   

In general, water table levels and residence times varied among the five ecological zones.   

The water table at moist sites of the Bog resided at or above the bog surface for the longest 

interval (highest number of days) a year on average, ranging from 166.5 to 248.00 days, and had 

a six-year average mean water table depth of 6 to 10 cm below the surface.  In contrast, the water 

table at the margins of the bog resided 15 to 20 cm below the bog surface for the majority of the 

year and did not reach the surface.  Drier sites at the margin of the bog had mean water table 

depths of 37 to 38 cm below the bog surface, up to 30 cm lower than open bog sites.  All 

ecological zones were found to experience seasonal fluctuations in water table levels.  The water 

table levels decreased in summer months when precipitation was low and temperatures were 

high (e.g., a range of decline of 51 cm at Delta 05-02).  The levels increased in elevation 

beginning in the late fall and into the early winter as precipitation increased and temperatures 

decreased.   

The Rhynchospora – Sphagnum ecosystem occurs in moist open bog undisturbed 

ecosystems.  In this ecosystem, the water table resides at or above the surface of the bog for 

majority of the year (212.78 days on average across the three sites).  The mean water table  
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Figure 4. Water table elevations and total monthly precipitation for one representative site within each of the five ecological zones from 2007 to 2012.  Precipitation totals based on readings at the Corporation of Delta Burns 

Bog Station (Corporation of Delta, 2013) and from the Environment Canada YVR Station for 2011 (Environment Canada, 2012a).
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Table 5  

High and low water table positions (m) at five study sites and total yearly precipitation (mm) from 2007 to 2012 

 

Rhynchospora - 

Sphagnum 

Lodgepole pine - 

Sphagnum - low 

shrub 

Lodgepole pine - 

Sphagnum - tall 

shrub 

Lodgepole pine - 

Sphagnum 

Lodgepole pine - 

Salal 

Total 

Precipitation 

(mm) 
 

Delta 06-16 Delta 06-15 TH9 BB6 Delta 05-02 

Year High Low High Low High Low High Low High Low 

2007 0.00 0.24 0.00 0.25 0.11 0.57 0.08 0.42 0.19 0.66 1084.87 

2008 0.00 0.22 0.00 0.27 0.15 0.53 0.07 0.39 0.23 0.65 822.58 

2009 0.00 0.36 0.01 0.37 0.12 0.65 0.08 0.51 0.19 0.84 1089.72 

2010 0.00 0.31 0.00 0.35 0.09 0.58 0.09 0.48 0.23 0.73 1175.28 

2011 0.00 0.28 0.00 0.32 0.10 0.56 0.08 0.49 0.22 0.71 1068.50 

2012 0.00 0.30 0.00 0.36 0.15 0.61 0.07 0.52 0.21 0.80 1207.03 

Average 0.00 0.29 0.00 0.32 0.12 0.58 0.08 0.47 0.21 0.73 1075.90 

Note. Precipitation totals based on readings at the Corporation of Delta Burns Bog Station (Corporation of Delta, 2013) and from the 

Environment Canada YVR Station for 2011 (Environment Canada, 2012a). 
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Table 6  

Mean water table depths (m) for the study sites from 2007 to 2012 

Piezometer/Study 

Site 
Ecological Zone 

Mean Water Table Depth (m) 

2007 2008 2009 2010 2011 2012 
Six-Year 

Average 

Delta 05-01 
Lodgepole pine - 

Salal 
0.31 0.42 0.38 0.32 0.39 0.38 0.37 

Delta 05-02 
Lodgepole pine - 

Salal 
0.33 0.41 0.41 0.35 0.38 0.38 0.38 

TH9 

Lodgepole pine – 

Sphagnum – tall 

shrub 

0.33 0.36 0.30 0.20 0.28 0.28 0.29 

Delta 05-04 

Lodgepole pine – 

Sphagnum – tall 

shrub 

0.24 0.30 0.30 0.27 0.27 0.29 0.28 

BB5 
Lodgepole pine – 

Sphagnum 
0.17 0.21 0.23 0.19 0.18 0.17 0.19 

BB6 
Lodgepole pine – 

Sphagnum 
0.16 0.20 0.22 0.20 0.21 0.23 0.20 

Delta 05-05 

Lodgepole pine – 

Sphagnum – low 

shrub 

0.07 0.13 0.12 0.07 0.09 0.09 0.10 

Delta 06-15 

Lodgepole pine – 

Sphagnum – low 

shrub 

0.07 0.09 0.12 0.07 0.09 0.09 0.09 

Delta 05-08 

Lodgepole pine – 

Sphagnum – low 

shrub 

0.07 0.09 0.10 0.07 0.07 0.10 0.08 

Delta 05-06 
Rhynchospora – 

Sphagnum 
0.07 0.09 0.09 0.06 0.06 0.07 0.07 

Delta 05-10 
Rhynchospora – 

Sphagnum 
0.04 0.08 0.10 0.02 0.05 0.05 0.06 

Delta 06-16 
Rhynchospora – 

Sphagnum 
0.06 0.09 0.10 0.04 0.06 0.07 0.07 
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Figure 5. Delta 05-06 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Rhynchospora – Sphagnum ecosystem). 

 

Figure 6. Delta 05-10 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Rhynchospora – Sphagnum ecosystem). 
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Figure 7. Delta 06-16 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Rhynchospora – Sphagnum ecosystem). 

 

Figure 8. Delta 05-05 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Lodgepole pine – Sphagnum – low shrub ecosystem). 
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Figure 9. Delta 06-15 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Lodgepole pine – Sphagnum – low shrub ecosystem). 

 

Figure 10. Delta 05-08 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Lodgepole pine – Sphagnum – low shrub ecosystem). 
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Figure 11. BB5 six-year average frequency histogram of water table residence time, January 

2007 to December 2012 (Lodgepole pine – Sphagnum ecosystem). 

 

Figure 12. BB6 six-year average frequency histogram of water table residence time, January 

2007 to December 2012 (Lodgepole pine – Sphagnum ecosystem). 
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Figure 13. TH9 six-year average frequency histogram of water table residence time, January 

2007 to December 2012 (Lodgepole pine – Sphagnum – tall shrub ecosystem). 

 

Figure 14. Delta 05-04 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Lodgepole pine – Sphagnum – tall shrub ecosystem). 
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Figure 15. Delta 05-01 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Lodgepole pine – Salal ecosystem). 

 

Figure 16. Delta 05-02 six-year average frequency histogram of water table residence time, 

January 2007 to December 2012 (Lodgepole pine – Salal ecosystem). 
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ranged from 2 to 10 cm below the surface from 2007 to 2012 with a six-year average mean depth 

of 6 to 7 cm.  For the observational interval (2007 to 2012), the water table within the 

Rhynchospora – Sphagnum ecosystem (e.g., at Delta 06-16) reached its lowest point in 2009 

with a recording of 36 cm below the surface during the late summer (Table 5, Figure 4).  The 

summer of 2009 experienced the highest dry season mean monthly temperature over the six-year 

period at 18.52°C in July. The low water level also occurred following the year with the lowest 

recorded precipitation total, 2008.  During the summer of 2008, the lowest point of the water 

table was recorded as a depth of 22 cm.  These observations reveal that both precipitation and 

temperature influence the water table position. 

Frequency histograms of water table residence times for the Rhynchospora – Sphagnum 

ecosystem, Delta 05-06, Delta 05-10, and Delta 06-16, are shown in Figures 5 to 7, respectively.  

Within this ecosystem, the water table was found to reside above the bog surface by up to 15 cm 

and drop below to a depth of 40 cm over the year.  At Delta 05-06, the water table resided at the 

bog surface for 151 days a year on average and above the surface for 45.17 days on average 

(total of 196.17 days).  The water table at Delta 05-10 resided above the bog surface for the 

majority of the year, spending 202.83 days on average up to 15 cm above the surface and 54.83 

days at or near the surface.  At Delta 06-16, the water table resided near the surface for 142.83 

days on average and above the bog surface 96.50 days.  The water table at Delta 05-06 resided 

the least amount of time above the bog surface, at 45.17 days on average, 157.66 days less than 

the time the water resided near the surface at Delta 05-10 and 51.33 days less than at Delta 06-

16.  Of the three Rhynchospora – Sphagnum sites evaluated, Delta 05-10 was the only site to 

have a water table that resided on average between 35 and 40 cm below the bog surface over the 

six-year period, residing 4.83 days at this level.  In summary, the water table of the 
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Rhynchospora – Sphagnum ecosystem fluctuates only within the acrotelm over the course of the 

year, as demonstrated by the residence times.  

The water table pattern of Lodgepole pine – Sphagnum – low shrub sites was broadly 

similar to that of the Rhynchospora – Sphagnum ecosystem.  Mean water table depths at low 

shrubs sites were found to be only slightly lower than the Rhynchospora – Sphagnum ecosystem, 

with mean depths ranging from 7 to 13 cm over the observational period (Table 6).  Within the 

Lodgepole pine – Sphagnum – low shrub ecosystem, the water table reached its lowest level over 

the six-year period in 2009 at a recording of 37 cm below the surface at Delta 06-15 in late 

summer, following a warm July (Table 5, Figure 4).  The low water levels over the six-year 

period at Delta 06-15 were higher than those within the Rhynchospora – Sphagnum ecosystem 

but only by 1 to 4 cm.   

Figures 8 to 10 show the average water table residence times of the low shrub sites, Delta 

05-05, Delta 06-15, and Delta 05-08, respectively.  Water levels at all three low shrub sites 

occurred above the surface of the Bog for a portion of the year.  The water level at Delta 05-05 

occurred at or near the surface for 117 days on average, at Delta 06-15 213.5 days on average, 

and at Delta 05-08 172 days on average.  The frequency histograms of the three low shrub sites 

demonstrates that the water table fluctuated within the acrotelm on average over a year, with the 

water table not dropping below a depth of 40 cm, similar to the Rhynchospora – Sphagnum 

ecosystem.  At Delta 05-08, the water table did not drop below a depth of 30 cm.  The water 

level at Delta 05-05 resided at or above the bog surface for 49.50 days on average and at Delta 

06-15 for 34.5 days on average.  The water level at Delta 05-08 resided the least amount of days 

on average above the bog surface at 10 days over the course of a year.  The variations 
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demonstrate that the water table of this ecosystem resided within the acrotelm on average over 

the course of a year.   

Within the Lodgepole pine – Sphagnum ecosystem, the water table pattern differs from 

the previous two ecosystems described as it was found to fluctuate from above the ground 

surface to a depth of about 50 cm.  For example, at BB6, the lowest water level occurred in the 

fall of 2012 at a depth of 52 cm which was the driest summer in the study (Table 5, Figure 4). 

Between 2007 and 2012, the high water table at BB6 ranged from a depth of 7 to 9 cm and did 

not reach the Bog surface.  This is consistent with the six-year average water table residence 

times for the Lodgepole pine – Sphagnum ecosystem for BB5 and BB6 (Figures 11 and 12, 

respectively) which indicate that the water table within this ecosystem did not reside above a 

depth of 5 cm.  The mean water table position of the Lodgepole pine – Sphagnum ecosystem was 

lower than the Rhynchospora – Sphagnum and low shrub ecosystems, with a mean position 

ranging from 16 to 23 cm and a six-year average of 19 and 20 cm (BB5 and BB6, respectively).  

The six-year water table residence time average indicates that the water table of the 

Lodgepole pine – Sphagnum ecosystem occurs overall above 50 cm, demonstrating that the 

water table typically resides within the acrotelm.  For over half of the year on average, the water 

table at BB5 and BB6 fluctuated between a depth of 5 cm and 15 cm below the bog surface.  The 

water table at BB6 resided between a depth of 5 cm and 10 cm for approximately a third of the 

year, an average of 119.67 days, while the water table at BB5 occurred at this depth for an 

average of 76.67 days a year.  At BB5, the water table rose above the bog surface for 9.33 days 

on average; whereas the water level at BB6 did not rise above the surface.  In comparison to the 

Rhynchospora – Sphagnum and low shrub ecosystems, the water table of the Lodgepole pine – 

Sphagnum ecosystem also fluctuates within the acrotelm but spends majority of the year 5 cm to 
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15 cm below the surface and just above the lower boundary of the acrotelm (i.e., residing at 

lower depths than wetter bog sites but still within the acrotelm).  

Curiously, the residence time histograms of the Lodgepole pine – Sphagnum sites suggest 

a bimodal distribution in that there are two “peaks” in the depths at which the water table resided 

on average over the course of a year.  For example, at BB5, these peaks were found between 5 to 

20 cm and 30 to 45 cm and at BB6 between 5 and 20 cm and between 35 and 45 cm, with the 

water table spending little time between these intervals.     

The tall shrub ecosystem is typically drier than the Lodgepole pine – Sphagnum 

ecosystem but nevertheless can support the growth of Sphagnum hummocks.  Between 2007 and 

2012, the mean water table position of the tall shrub ecosystem ranged from 20 to 36 cm, with a 

six-year average position of 29 and 28 cm at TH9 and Delta 05-04, respectively (Table 6). As 

with other sites, TH9 of the Lodgepole pine – Sphagnum – tall shrub ecosystem experienced its 

lowest water table level over the six-year period in later summer of 2009 at a depth of 65 cm 

following a high mean monthly temperature in July (Table 5, Figure 4).  The high water table at 

TH9 ranges from 9 to 15 cm below the bog surface, lower than the high water table range found 

at BB6 of the Lodgepole pine – Sphagnum ecosystem.  

The water table residence times of TH9 and Delta 05-04 of the tall shrub ecosystem 

indicated that on average, the water table occurred between 5 cm and 20 cm below the bog 

surface for majority of the year (Figures 13 and 14, respectively).  Between a depth of 5 cm and 

20 cm, the water level at TH9 fluctuated for 202 days a year on average while the water level at 

Delta 05-04 fluctuated within this range for 215 days on average.  The water table at TH9 and 

Delta 05-04 dropped below the lower limit of the acrotelm (estimated to be 50 cm for Burns 

Bog; Howie et al., 2008) for 58.83 days and 28.17 days, respectively, on average over the course 
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of a year; however, at both TH9 and Delta 05-04, the water table was not found to occur below a 

depth of 60 cm on average over the six-year period.  Overall, the water table declined below the 

acrotelm for some portion of the year in contrast to the previous three ecosystem types described.  

Similar to the sites within the Lodgepole pine – Sphagnum ecosystem, the residence time 

histograms of the tall shrub ecosystem were found to exhibit a slightly bimodal distribution.  At 

TH9, two peaks in water table residence time were observed between depth of 5 and 20 cm and 

between 45 and 55 cm.  The bimodality was observed at Delta 05-04 between 10 and 30 cm and 

between 40 and 50 cm.   

The Lodgepole pine – Salal ecosystem represents the driest ecosystem in this study and 

occurs at the margins of the bog that have experienced disturbance or are subject to artificial 

drainage.  The water table pattern of the Lodgepole pine – Salal ecosystem differs from other 

ecosystems as it experiences a greater range of water table depths (i.e., greater difference 

between low and high water levels), the lowest mean water table positions across the ecological 

zones, and spends more time below the lower boundary of the acrotelm than any other site.  The 

mean water table depths ranged from 31 to 42 cm between 2007 and 2012, with a six-year mean 

water table depth of 37 and 38 cm at Delta 05-01 and Delta 05-02, respectively (Table 6).     

Within the Lodgepole pine – Salal ecosystem, the lowest water level at Delta 05-02 occurred at a 

depth of 84 cm in the late summer of 2009 (Table 5, Figure 4).  The timing of the low water level 

at Delta 05-02 is consistent with that observed at other sites following a warm July.  The highest 

water table recordings at Delta 05-02 ranged from 19 to 23 cm well below the bog surface, 

representing the farthest water table levels from the bog surface across the five ecological zones.   

The water table residence times of Lodgepole pine – Salal ecosystem are shown in 

Figures 15 and 16, for Delta 05-01 and Delta 05-02 study sites, respectively.  The frequency 
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histograms for these sites indicate that the water table resided between a depth below the surface 

of 15 and 25 cm for the majority of the year on average.  At Delta 05-01, the water table resided 

between a depth of 15 cm and 20 cm for nearly half a year on average (175.83 days) and at Delta 

05-02, the water spent over half the year between a depth of 20 cm and 25 cm (195 days).  The 

water table may be near the surface (e.g., Delta 05-01) for part of the year but the interval is 

brief.   

Unlike other vegetation types, the water table of the Lodgepole pine – Salal ecosystem is 

estimated to be at or below the lower limit of the acrotelm (estimated to be 50 cm below the 

surface) for extended intervals, 103.34 days on average at Delta 05-01 and 88 days on average at 

Delta 05-02.  Similar to the Lodgepole pine – Sphagnum and tall shrub ecosystems, the water 

table residence time frequency histograms also exhibit bimodality.  The residence times at Delta 

05-01 peak between the 15 and 25 cm below the surface and again between depths of 65 and 75 

cm.  At Delta 05-02, the water table occurs in two peaks between 15 and 30 cm at depth and 

between 50 and 65 cm depth.  In other words, during the wet season the water table is not far 

from the bog surface but quickly declines to low water table positions as the dry season begins. 

Cumulative moisture deficit.  The calculated cumulative moisture deficit and average 

annual accumulated moisture deficit values for the 12 study sites are presented in Table 7.  CMD 

values are referred to as “CMD surface” and “CMD high water table” in the description of the 

results to indicate the two different cm-day area calculations and associated upper thresholds.  

The CMD surface calculation was based on using the Bog surface as the upper threshold while 

the CMD high water table was calculated using the yearly high water table as the upper 

threshold.    
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Table 7  

Cumulative moisture deficit (cm-days) and average accumulated moisture deficit (cm-days) for 

the 12 study sites 

Piezometer/

Study Site 
Ecological Zone 

Cumulative Moisture 

Deficit 

Six-year Average 

Accumulated Moisture 

Deficit 

Surface High Water 

Table 

Surface High Water 

Table  

Delta 05-01 Lodgepole pine - Salal 68883.00 47708.00 11480.50 7951.33 

Delta 05-02 Lodgepole pine - Salal 68009.00 33084.00 11334.83 5514.00 

TH9 Lodgepole pine – 

Sphagnum – tall shrub 
51038.00 31238.00 8506.33 5206.33 

Delta 05-04 Lodgepole pine – 

Sphagnum – tall shrub 
50572.50 28297.50 8428.75 4716.25 

BB5 Lodgepole pine – 

Sphagnum 
36723.50 29298.50 6120.58 4883.08 

BB6 Lodgepole pine – 

Sphagnum 
38491.50 25841.50 6415.25 4306.92 

Delta 05-05 Lodgepole pine – 

Sphagnum – low shrub 
21789.00 21514.00 3631.50 3585.67 

Delta 06-15 Lodgepole pine – 

Sphagnum – low shrub 
18124.50 17849.50 3020.75 2974.92 

Delta 05-08 Lodgepole pine – 

Sphagnum – low shrub 
15885.50 13410.50 2647.58 2235.08 

Delta 05-06 Rhynchospora – Sphagnum 14006.50 13449.50 2334.42 2241.58 

Delta 05-10 Rhynchospora – Sphagnum 16450.00 16450.00 2741.67 2741.67 

Delta 06-16 Rhynchospora – Sphagnum 15485.00 15485.00 2580.83 2580.83 

 

CMD surface ranged from 14,006.50 to 68,883.00 cm-days and CMD high water table 

ranged from 13,410.50 to 47,708.00 cm-days over the six-year interval.  The average annual 

accumulated moisture deficits ranged from 2,334.42 to 11,334.83 cm-days using the surface as 

the upper threshold and 2,235.08 to 5,514.00 cm-days using the high water table as the upper 

threshold.   

Overall, the deficit values of the dry bog margins had the highest average annual and 

cumulative values and the moist open bog and low shrub communities had the lowest average 

annual and cumulative values.  The CMD values and six-year average deficits were found to be 
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highest at the Lodgepole pine – Salal ecosystems and lowest at the low shrub and Rhynchospora 

– Sphagnum ecosystems.  Within the Lodgepole pine – Salal ecosystem the CMD surface was 

68,883.00 cm-days at Delta 05-01 and 68,009.00 cm-days at Delta 05-02.  The CMD high water 

table values were much lower, 47,708.00 cm-days at Delta 05-01 and 33,084.00 cm-days at 

Delta 05-02.  The lowest CMD among all sites was found to occur at Delta 05-08 in the 

Lodgepole pine – Sphagnum – low shrub ecosystem, using the high water table as the upper 

threshold. The CMD high water table at Delta 05-08 was 13,410.50 cm-days with a six-year 

average of 2,235.08.  The CMD surface at Delta 05-08 was 15,885.50 cm-days, with a six-year 

average of 2,647.58 cm-days.  The CMD values at Delta 05-06 in the Rhynchospora – Sphagnum 

ecosystem were similar to those at Delta 05-08, with the CMD surface at Delta 05-06 being 

14,006.50 cm-days and a six-year average of 2,334.42 cm-days and the CMD high water table 

being 13,440.50 cm-days with a six-year average of 2,241.58 cm-days.  Notably, the two wettest 

ecosystems, the Rhynchospora – Sphagnum and the low shrub ecosystems, were found to have 

overlapping CMD values.  

The difference between the values of the CMD surface and CMD high water table was 

greater in the drier ecosystems such as the Lodgepole pine – Salal (Delta 05-01 and Delta 05-02) 

and the Lodgepole pine – Sphagnum (BB5 and BB6) than in the moist open bog sites of the 

Rhynchospora – Sphagnum ecosystem (Delta 05-06 and Delta 06-16).  This difference was also 

apparent in the differences between six-year average values, which may be expected because the 

water table does not reach the surface in the driest ecosystem.   

Vegetation 

Field observations and data compilation provide an understanding of the plant species 

cover in undisturbed ecological zones, Pinus contorta growth rates in different ecological zones, 
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and the change in Sphagnum height over a one-year period for comparison to hydrological 

patterns.  

Species cover. As has been reported previously, different species characterize plant 

communities from the moist open bog sites to the drier margins of the bog.   In wet open bog 

sites of the Rhynchospora – Sphagnum ecosystem, dominant species within study plots included 

the lichen Cladina portentosa (0.25 to 95.5% cover) and vascular plants Vaccinium uliginosum 

(1 to 70% cover), Rhynchospora alba (7.5 to 59% cover), and Sphagnum in hollows (4 to 100% 

cover).  Andromeda polifolia (1.5 to 21.5% cover), Ledum groenlandicum (2 to 30% cover), and 

Kalmia microphylla subsp. occidentalis (0.5 to 10% cover) also provided cover.  The Lodgepole 

pine – Sphagnum – low shrub ecosystem is characterized by V. uliginosum (1 to 80% cover) 

which was the most common shrub species with L. groenlandicum (2 to 65% cover) and C. 

portentosa (1 to 80%) also providing notable cover.  Both Sphagnum hummocks (1.5 to 47% 

cover) and hollows (14 to 97% cover) occur within the low shrub ecosystem.  The tall shrub 

ecosystem is dominated by Gaultheria shallon (1 to 80% cover) and L. groenlandicum (3 to 60% 

cover) with some V. uliginosum (0.5 to 41.5% cover) and K. microphylla var. occidentalis (0.5 to 

13.5% cover).  Sphagnum hummocks (2 to 100% cover) also provide notable cover within the 

tall shrub ecosystem.  Within the Lodgepole pine – Sphagnum ecosystem, the shrub layer is 

dominated by two shrubs, G. shallon (60 to 98% cover) and L. groenlandicum (2 to 35% cover).  

Sphagnum is present within this ecosystem; however, it only establishes in well-lit moist sites.  

The Lodgepole pine – Salal ecosystem has a similar shrub layer as the Lodgepole pine – 

Sphagnum ecosystem, with dense cover of G. shallon (25 to 95% cover) and L. groenlandicum 

(3 to 50% cover).  At the drier margins of the Bog, G. shallon forms a dense shrub layer beneath 

established P. contorta.  
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Tree density and diameter. The density of P. contorta and their average size (dbh) at 

each of the 12 study sites was found to vary (Table 8).  Generally, it was observed that moist 

sites with higher yearly water table levels had a higher density of trees than the drier bog sites 

(Figure 17).  Density of trees per radial plot ranged from 0.04 to 0.15 stems per m
2
.  The highest 

density of 0.15 stems per m
2
  was observed at Delta 06-15 of the low shrub ecosystem.  The 

lowest density of 0.04 stems per m
2
 occurred at three sites: Delta 05-02 in the Lodgepole pine – 

Salal ecosystem; TH9 of the tall shrub ecosystem; and Delta 05-10 of the Rhynchospora – 

Sphagnum ecosystem.  The low shrub ecosystem experienced the highest density of trees across 

the three sites, with the Lodgepole pine – Sphagnum and the Rhynchospora – Sphagnum 

ecosystem also having higher densities than drier sites.  The number of trees per radial plot 

ranged from 46 trees in the Lodgepole pine – Sphagnum – low shrub ecosystem (Delta 06-15) to 

12 trees in the Rhynchospora – Sphagnum ecosystem (Delta 05-10) and 13 trees in the 

Lodgepole pine – Salal ecosystem (Delta 05-02).   

  P. contorta ranges from 1.1 cm dbh in the Rhynchospora – Sphagnum ecosystem up to 

25.5 cm dbh in the Lodgepole pine – Sphagnum ecosystem.  Within the drier margins of the Bog, 

at the Lodgepole pine – Salal ecosystem (Delta 05-01 and 05-02), tree dbh ranged from 2.1 cm to 

22.2 cm with average dbh at Delta 05-01 and Delta 05-02 of 10.1 cm and 14.7 cm, respectively.   

The Lodgepole pine – Sphagnum ecosystem (BB5 and BB6) was found to have a range of dbh of 

from 3.2 cm to 25.5 cm.  BB6 was found to have a lower average pine dbh of 10.9 cm (range of 

3.2 – 21.5 cm), compared to BB5 with an average pine dbh of 15.7 (range of 8.3 – 25.5 cm).  

Notably this value is higher than in the dry Lodgepole pine – Salal ecosystem.  The Lodgepole 

pine – Sphagnum – tall shrub ecosystem (TH9 and Delta 05-04) had a range of pine dbh from 1.2 
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cm to 24.8 cm.  The average size at TH9 was 11.2 cm (range of 2.6 – 24.8 cm) and was 10.2 cm 

at Delta 05-04 (range of 1.2 – 20.1 cm).   

The Lodgepole pine – Sphagnum – low shrub (Delta 05-05, 06-16, and 05-08) ecosystem 

supports smaller pines than the drier ecological zones, with a range of pine dbh from 1.6 cm to 

10.5 cm.  Delta 06-15 was found to have the smallest average dbh of 3.7 cm (range of 1.6 to 8.6 

cm); Delta 05-05 and Delta 05-08 had pines with average dbh measurements of 5.7 and 4.8, 

respectively.   The average dbh of pines within the Rhynchospora – Sphagnum (Delta 05-06, 05-

10, and 06-16) ecosystem is similar to that in the low shrub ecosystem.  Of the three  

 

Table 8  

Summary data on P. contorta measured within 10 radial metres at each of the study sites 

Piezometer/Study 

Site 
Ecological Zone n 

Range of 

dbh (cm) 

Average 

dbh (cm) 

Tree 

Density 

(stems per 

m
2
) 

Delta 05-01 Lodgepole pine - Salal 28 2.1 – 22.7 10.1 0.09 

Delta 05-02 Lodgepole pine - Salal 13 10.1 – 22.2 14.7 0.04 

TH9 
Lodgepole pine – 

Sphagnum – tall shrub 
14 2.6 – 24.8 11.2 0.04 

Delta 05-04 
Lodgepole pine – 

Sphagnum – tall shrub 
24 1.2 – 20.1 10.2 0.08 

BB5 
Lodgepole pine – 

Sphagnum 
29 8.3 – 25.5 15.7 0.09 

BB6 
Lodgepole pine – 

Sphagnum 
33 3.2 – 21.5 10.9 0.11 

Delta 05-05 
Lodgepole pine – 

Sphagnum – low shrub 
30 1.7 – 10.0 5.7 0.10 

Delta 06-15 
Lodgepole pine – 

Sphagnum – low shrub 
46 1.6 – 8.6 3.7 0.15 

Delta 05-08 
Lodgepole pine – 

Sphagnum – low shrub 
33 1.6 – 10.5 4.8 0.11 

Delta 05-06 
Rhynchospora – 

Sphagnum 
34 1.1 – 9.6 3.9 0.11 

Delta 05-10 
Rhynchospora – 

Sphagnum 
12 1.6 – 15.4 5.9 0.04 

Delta 06-16 
Rhynchospora – 

Sphagnum 
25 2.7 – 13.8 8.2 0.08 
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Figure 17. Number of trees per radial plots and the ecological zones of the study sites. 

 

Rhynchospora – Sphagnum sites, Delta 05-06 exhibited the smallest average measurement at 3.9 

cm (based on a range of 1.1 – 9.6 cm).  Delta 05-10 and Delta 06-16 averaged 5.9 cm (range of 

1.6 – 15.4 cm) and 8.2 cm (2.7 – 13.8 cm), respectively.  

Sphagnum growth.  Table 9 summarizes the average change in Sphagnum height over 

the sampling period (September 2012 to September 2013) at the vegetation monitoring plots 

installed for this study.  The information presented in Table 9 compares average growth over two 

separate seasons, late summer to spring (i.e., wet/moist season growth) and spring to late summer 

(i.e., dry season growth), as well as the change in height over a one-year period.  Measurements 

were obtained at plots in which Sphagnum hummocks were actively growing, with dashes in 

Table 9 indicating that no measurement was obtained during that sampling period.  The 

measurements reveal that Sphagnum height changed both positively and negatively  
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Table 9  

Change in Sphagnum height (in cm) between September 2012 and September 2013 

 

over the assessment period.  The general pattern of change in Sphagnum height revealed growth 

of Sphagnum in the wet season (eight out of nine plots exhibiting growth) and a decline in 

Sphagnum height during the dry season (seven out of 11 plots exhibiting a decline).   

Over the course of the year, the change in Sphagnum height appeared to be positive.  

Sphagnum was recorded as growing at 9 out of 12 plots and shrinking at 3 of 11 monitoring plots 

Piezometer and Plot ID Ecological Zone 

Average Change in Height (cm) 

September 

2012 to Spring 

2013 

Spring 2013 to 

September 

2013 

September 

2012 to 

September 

2013 

TH9-N 
Lodgepole pine – 

Sphagnum – tall shrub 
1.1 -0.1 0.9 

TH9-E 
Lodgepole pine – 

Sphagnum – tall shrub 
2.9 -0.7 3.1 

Delta 05-04-E 
Lodgepole pine – 

Sphagnum – tall shrub 
-0.1 2.2 2.1 

Delta 06-15-N 
Lodgepole pine – 

Sphagnum – low shrub 
2.0 -0.8 1.2 

Delta 06-15-S 
Lodgepole pine – 

Sphagnum – low shrub 
0.9 -0.4 0.5 

Delta 05-08-N 
Lodgepole pine – 

Sphagnum – low shrub 
- -0.5 - 

Delta 05-08-W 
Lodgepole pine – 

Sphagnum – low shrub 
- 1.1 - 

Delta 05-06-W Rhynchospora – Sphagnum 0.6 1.2 1.8 

Delta 05-10-N Rhynchospora – Sphagnum - - -1.1 

Delta 05-10-E Rhynchospora – Sphagnum - - 0.2 

Delta 05-10-W Rhynchospora – Sphagnum - - -4.9 

Delta 06-16-E Rhynchospora – Sphagnum 1.3 2.0 3.5 

Delta 06-16-S Rhynchospora – Sphagnum 6.6 -4.3 2.3 

Delta 06-16-W Rhynchospora – Sphagnum 1.3 -2.6 -1.3 

Note. Cardinal direction of plot from piezometer is indicated by N (north), E (east), S (south), W (west).  

Dashes indicate no measurement obtained during the sampling period.  
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over the year.  The greatest average increase and decrease in Sphagnum height over the year was 

observed within the Rhynchospora – Sphagnum ecosystem.  The greatest increase in height 

occurred at Delta 06-16-E, specifically, in which Sphagnum was recorded as growing 3.5 cm.  At 

Delta 05-10-W of the Rhynchospora – Sphagnum ecosystem, a decrease of -4.9 cm was 

recorded.  Average Sphagnum growth at four plots over the course of the year were found to be 

greater than 2 cm and were noted to occur in the tall shrub and Rhynchospora – Sphagnum 

ecosystems (TH9-E, Delta 05-04-E, Delta 06-16-E, and Delta 06-16-S).  Over the year, five plots 

experienced average Sphagnum growth between 0 and 2 cm, occurring across the three 

ecosystems sampled (TH9-N, Delta 06-15-N, Delta 06-15-S, Delta 05-06-W, and Delta 05-10-

E).   

Sphagnum growth measurements represented an increase between September 2012 to 

spring 2013 (i.e., over the wet/moist season), and a decrease or little change between the spring 

of 2013 and late summer of 2013 (i.e., the dry season).  Over the wet season, Sphagnum was 

recorded as growing at eight out of nine monitoring plots, with the growth ranging from 0.6 to 

6.6 cm.  The greatest increase in average height (6.6 cm) was recorded at Delta 06-16-S in the 

Rhynchospora – Sphagnum ecosystem.  Average Sphagnum height was recorded as decreasing 

during the wet season at only one of the nine monitoring plots (noted by the negative recordings 

in Table 9), which occurred at Delta 05-04-E in the Lodgepole pine – Sphagnum – tall shrub 

ecosystem with a difference of -0.1 cm.   

Between the spring of 2013 to September 2013 (i.e., over the dry season), Sphagnum was 

found to decrease in height at most sites sampled, with a decrease being recorded at seven of the 

11 plots assessed.  The decline in Sphagnum height ranged from was -0.1 to -4.3 cm.  The 

greatest average decrease in height was recorded at Delta 06-16-S with a change of -4.3 cm.  
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Sphagnum was found to grow at four of the 11 plots assessed during the dry season, with growth 

ranging from 1.1 to 2.2 cm.  The greatest increase in height (2.2 cm) occurred in the Lodgepole 

pine – Sphagnum – tall shrub ecosystem at Delta 05-04-E.    

At Delta 06-16-S, which experienced the greatest increase in height over the wet season, 

the dry season measurement was found to decrease significantly to -4.3 cm.  Two measurements 

were obtained at this plot.  Sphagnum was found to grow during the wet season (measurements 

of 9.9 and 3.2 cm) and decrease during the dry season (-7.4 and -1.1) to result in a change in 

height of 2.3 cm over the course of the year.        

Cumulative Moisture Deficit and Vegetation 

As a measure of the duration and intensity of moisture stress across the Bog, the CMD 

was found to have significant relationships with the percent cover estimates of four bog plant 

species (G. shallon, C. portentosa, V. uliginosum and R. alba) and tree diameter at breast height.  

The results suggest that the CMD could provide some predictive value when forecasting plant 

cover.  Table 10 outlines the relationships between CMD values and percent cover estimates.  No 

significant relationships were found between Sphagnum cover estimates and Sphagnum growth.  

For the monitoring plots installed as part of this study (i.e., the plots installed in 

September 2012), CMD values were significantly related to G. shallon, C. portentosa, and V. 

uliginosum percent cover estimates (Table 11, 12, and 13, respectively).  CMD surface had a 

moderate positive relationship with G. shallon cover (linear regression p = .04, r
2
 = .47; Figure 

18).  The relationship between CMD high water table and G. shallon cover was not significant; 

however, the p-value of .07 was close to the significance level of p = .05.  CMD high water  
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Table 10  

Significant relationships between plant cover estimates and CMD values at study sites 

Plant Species 
September 2012 

Plots 
Permanent Plots 

Scientific Name Common Name CMD 

surface 

CMD high 

water table 

CMD 

surface 

CMD high 

water table 

Gaultheria shallon Salal ++    

Cladina portentosa Reindeer lichen --- ---   

Vaccinium uliginosum Bog blueberry  ooo ++ ++ 

Rhynchospora alba White beakrush    --- 

Note. Crosses indicate a positive linear relationship, dashes indicate a negative linear relationship, 

and o indicates a quadratic relationship. The number of crosses indicates the strength (e.g., ++ for a 

moderate relationship, +++ for a strong relationship).   

 

Table 11  

Summary of regression analysis of CMD and plant percent cover estimates for plots installed at 

the study sites in September 2012 

Independent variable Dependent variable n Slope R
2
 P-value 

CMD surface % Andromeda polifolia 6 -0.0001 .01 .85 

 

% Cladina portentosa 6 -0.0008 .80 .02
 a
* 

 

% Gaultheria shallon 9 0.0013 .47 .04* 

 

% Kalmia microphylla 9 0.0000 .07 .49 

 

% Ledum groenlandicum 12 0.0002 .11 .29 

 

% Rhynchospora alba 3 0.0047 .09 .81 

 

% Vaccinium oxycoccus 5 0.0000   .24 .41 

  % Vaccinium uliginosum 8 -0.0005 .17 .31 

 % Sphagnum hummock 9 0.0005 .07 .50 

CMD high water 

table  % Andromeda polifolia 6 0.0000 .00 .97 

 

% Cladina portentosa  6 -0.0018 .69 .04
a
* 

 % Gaultheria shallon 9 0.0024 .40 .07 

 

% Kalmia microphylla 9 -0.0001 .02 .73 

 

% Ledum groenlandicum 12 0.0004 .12 .26 

 

% Rhynchospora alba 3 -0.0059 .26 .66 

 

% Vaccinium oxycoccus 5 0.0000 .37 .28 

 

% Vaccinium uliginosum 8 0.0000 .67 .03
b
* 

 % Sphagnum hummock 9 -0.0014 .10 .41 
Note. 

 a
Results following removal of 1 outlier, see Table 14 for more information. 

b
Polynomial 

regression used to determine relationship. *Significant at the p < .05 level.  
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Table 12  

Analysis of variance table of CMD surface and plant species percent cover estimates for plots 

installed at the study sites in September 2012 

Relationship 

evaluated 
Model 

Sum of 

squares 
df 

Mean 

square 
F Significance 

CMD surface and % 

Andromeda polifolia 

Regression 0.50 1 0.50 0.04 .85 

 Residual 49.89 4 12.47   

  Total 50.39 5    

CMD surface and % 

Cladina portentosa 

Regression 646.44 1 646.44 15.61 .02
 a
* 

 Residual 165.64 4 41.41   

  Total 812.08 5    

CMD surface and % 

Gaultheria shallon 

Regression 5625.39 1 5625.39 6.29 .04* 

 Residual 6263.13 7 894.73   

  Total 11888.51 8    

CMD surface and % 

Kalmia microphylla 

Regression 3.98 1 3.98 0.52 .49 

 Residual 53.57 7 7.65   

  Total 57.55 8    

CMD surface and % 

Ledum groenlandicum 

Regression 163.05 1 163.05 1.24 .29 

 Residual 1313.01 10 131.30   

  Total 1476.06 11    

CMD surface and % 

Rhynchospora alba 

Regression 71.85 1 71.85 0.10 0.81 

 Residual 744.82 1 744.82   

  Total 816.67 2    

CMD surface and % 

Vaccinium oxycoccus 

Regression 0.16 1 0.16 0.93 .41 

 Residual 0.51 3 0.17   

  Total 0.67 4    

CMD surface and % 

Vaccinium uliginosum 

Regression 389.15 1 389.15 1.25 .31 

 Residual 1873.02 6 312.17   

  Total 2262.18 7    

CMD surface and % 

Sphagnum hummock 

Regression 515.11 1 515.11 0.50 .50 

 Residual 7255.04 7 1036.43   

  Total 7770.15 8    

Note. 
a
Results following removal of one outlier, see Table 14 for additional information. *Significant at 

the p < .05 level. 
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Table 13  

Analysis of variance table of CMD high water table and plant species percent cover estimates 

for plots installed at the study sites in September 2012 

Relationship evaluated Model 
Sum of 

squares 
df 

Mean 

square 
F Significance 

CMD HWT and % 

Andromeda polifolia 

Regression 0.01 1 0.01 0.00 .97 

 Residual 50.38 4 12.59   

  Total 50.39 5    

CMD HWT and % Cladina 

portentosa 

Regression 561.47 1 561.47 8.96 .04
a
* 

 Residual 250.61 4 62.65   

  Total 812.08 5    

CMD HWT and % 

Gaultheria shallon 

Regression 4794.11 1 4794.11 4.73 .07 

 Residual 7094.40 7 1013.49   

  Total 11888.51 8    

CMD HWT and % Kalmia 

microphylla 

Regression 1.04 1 1.04 0.13 .73 

 Residual 56.50 7 8.07   

  Total 57.55 8    

CMD HWT and %  

Ledum groenlandicum 

Regression 184.30 1 184.30 1.43 .26 

 Residual 1291.76 10 129.18   

  Total 1476.06 11    

CMD HWT and % 

Rhynchospora alba 

Regression 212.13 1 212.13 0.35 .66 

 Residual 604.54 1 604.54   

  Total 816.67 2    

CMD HWT and % 

Vaccinium oxycoccus 

Regression 0.25 1 0.25 1.74 .28 

 Residual 0.43 3 0.14   

  Total 0.67 4    

CMD HWT and % 

Vaccinium uliginosum 

Regression 1506.41 2 753.21 4.98 .03
b
* 

 Residual 755.77 5 151.15   

  Total 2262.18 7    

CMD HWT and % 

Sphagnum hummock 

Regression 780.37 1 780.37 0.78 .41 

 Residual 6989.78 7 998.54   

  Total 7770.15 8    

Note. 
a
Results following removal of one outlier, see Table 14 for additional information.  

b
Polynomial 

regression used to determine relationship. *Significant at the p < .05 level. 
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Figure 18. Scatterplot of the CMD surface and average percent cover estimate of G. shallon for 

plots installed in September 2012. 

 

table had a strong quadratic relationship with V. uliginosum cover estimates (p = .03, r
2
 = .67; 

Figure 19) and no relationship with CMD surface.  Residual analysis of CMD high water table 

and V. uliginosum indicated a non-linear relationship between these variables, and a quadratic 

relationship was found to be significant.  Residual analysis also indicated that the relationship 

between CMD values and C. portentosa contained one outlier.  Following removal of the outlier, 

the relationship between CMD values and C. portentosa cover estimates were significant.  A 

strong negative relationship was found between CMD surface and C. portentosa cover (linear 

regression p = .02, r
2
 = .80; Figure 20).  The CMD high water table value also had a strong 

negative relationship with C. portentosa percent cover estimates (linear regression p = .04, r
2
 = 

.69; Figure 21).  Table 14 provides details on the regression summary of C. portentosa including 

and excluding the outlier.  
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Figure 19. Scatterplot of the CMD high water table and average percent cover estimate of V. 

uliginosum for plots installed in September 2012. 

 

Figure 20. Scatterplot of the CMD surface and average percent cover estimate of C. portentosa 

for plots installed in September 2012. 
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Figure 21. Scatterplot of the CMD high water table and average percent cover estimate of C. 

portentosa for plots installed in September 2012. 

 

Table 14  

Comparison of values before and after the removal of residuals in the analysis of CMD and C. 

portentosa and R. alba 

Residual 

Included 

(Yes or No) 

Independent 

variable 

Average plant cover 

estimate 
n Slope R

2
 P-value 

Plots installed September 2012 

Yes CMD surface % Cladina portentosa  7 -0.0007 .34 .17 

No CMD surface % Cladina portentosa 6 -0.0008 .80 .02* 

Yes CMD high water table % Cladina portentosa  7 -0.0016 .35 .18 

No CMD high water table % Cladina portentosa  6 -0.0018 .69 .04* 

Permanent plots 

Yes CMD surface % Rhynchospora alba 7 -0.0010 .32 .19 

No CMD surface % Rhynchospora alba 6 -0.0014 .64 .06 

Yes CMD high water table % Rhynchospora alba 7 -0.0025 .30 .20 

No CMD high water table % Rhynchospora alba 6 -0.0038 .78 .02* 

Note. *Significant at the p < .05 level. 
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The results of the regression analysis for permanent vegetation plots are presented in 

Table 15, 16, and 17.  Significant relationships were found between CMD values and two plant 

species cover estimates at the permanent plots.  Both CMD values had significant relationships 

with V. uliginosum. CMD surface had a moderately strong positive relationship with V. 

uliginosum percent cover (linear regression p = .003, r
2
 = .64; Figure 22).  The CMD high water 

table also had a positive relationship with V. uliginosum cover; however, it was more moderate 

(linear regression p = .01, r
2
 = .52; Figure 23).  V. uliginosum was the only species to have 

significant relationships with CMD values at both the monitoring plots installed in September 

2012 and the permanent monitoring plots.  

CMD high water table was found to have a strong negative relationship with percent 

cover estimates of R. alba at the permanent monitoring plots (linear regression p = .02, r
2
 = .78; 

Figure 24).  This significant relationship was found after removal of one residual.  CMD surface 

was not found to have a significant relationship with R. alba cover; however, the p-value of .06 

in this relationship is close to the significance level of p = .05.  Table 14 provides details of the 

regression summary of R. alba estimates including and excluding the outlier.   
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Table 15  

Summary of regression analysis of CMD and key bog plant percent cover estimates for 

permanent plots within 50 m of the study sites (percent cover estimates based on an average of 

June 2012 and June 2013 data) 

Independent variable Dependent variable n Slope R
2
 P-value 

CMD surface % Andromeda polifolia 9 -0.0003 .23 .19 

 % Cladina portentosa  6 -0.0008 .08 .59 

 % Gaultheria shallon 7 0.0005 .49 .08 

 % Kalmia microphylla 5 0.0001 .04 .73 

 % Ledum groenlandicum 8 -0.0003 .25 .21 

 % Rhynchospora alba 6 -0.0014 .64 .06
 a
 

 % Vaccinium oxycoccus 8 0.0000 .07 .52 

  % Vaccinium uliginosum 11 0.0008 .64 < .01* 

 % Sphagnum tenellum 7 -0.0003 .01 .83 
 % Sphagnum capillifolium 5 0.0000 .06 .69 

CMD high water table % Andromeda polifolia 9 -0.0007 .23 .19 

 

% Cladina portentosa  6 -0.0026 .18 .40 

 

% Gaultheria shallon 7 0.0014 .41 .12 

 

% Kalmia microphylla 5 0.0004 .19 .47 

 

% Ledum groenlandicum 8 -0.0007 .14 .36 

 

% Rhynchospora alba 6 -0.0038 .78 .02
 a
* 

 

% Vaccinium oxycoccus 8 0.0000 .01 .81 

 

% Vaccinium uliginosum 11 0.0017 .52 .01* 

 % Sphagnum tenellum 7 0.0000 .00 .99 

 % Sphagnum capillifolium 5 0.0000 .00 .95 

Note. 
a
Results following removal of 1 outlier, see Table 14 for additional information. *Significant at the 

p < .05 level. 
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Table 16  

Analysis of variance table of CMD surface and plant species percent cover estimates for 

permanent plots within a 50 m radius of the study sites 

Relationship evaluated Model 
Sum of 

squares 
df 

Mean 

square 
F Significance 

CMD surface and % 

Andromeda polifolia 

Regression 134.20 1 134.20 2.15 .19 

 Residual 437.52 7 62.50   

  Total 571.72 8    

CMD surface and % 

Cladina portentosa 

Regression 569.41 1 569.41 0.35 .59 

 Residual 6531.80 4 1632.95   

  Total 7101.21 5    

CMD surface and % 

Gaultheria shallon 

Regression 821.76 1 821.76 4.85 .08 

 Residual 847.95 5 169.59   

  Total 1669.71 6    

CMD surface and % 

Kalmia microphylla 

Regression 10.53 1 10.53 0.14 .73 

 Residual 228.17 3 76.06   

  Total 238.70 4    

CMD surface and % 

Ledum groenlandicum 

Regression 316.58 1 316.58 2.01 .21 

 Residual 945.39 6 157.57   

  Total 1261.97 7    

CMD surface and % 

Rhynchospora alba 

Regression 1747.96 1 1747.96 7.18 .06
a
 

 Residual 973.75 4 243.44   

  Total 2721.71 5    

CMD surface and % 

Vaccinium oxycoccus 

Regression 2.45 1 2.45 0.47 .52 

 Residual 31.42 6 5.24   

  Total 33.88 7    

CMD surface and % 

Vaccinium uliginosum 

Regression 1154.12 1 1154.12 15.66 < .01* 

 Residual 663.11 9 73.68   

  Total 1817.23 10    

CMD surface and % 

Sphagnum tenellum 

Regression 87.22 1 87.22 0.05 .83 

 Residual 8061.50 5 1612.30   

  Total 8148.71 6    

CMD surface and % 

Sphagnum capillifolium 

Regression 0.45 1 0.45 0.20 .69 

 Residual 6.75 3 2.25   

  Total 7.20 4    

Note. 
a
Results following removal of 1 outlier, see Table 14 for additional information. *Significant at the 

p < .05 level. 
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Table 17  

Analysis of variance table of the CMD high water table and plant species percent cover 

estimates for permanent plots within a 50 m radius of the study sites 

Relationship evaluated Model 
Sum of 

squares 
df 

Mean 

square 
F Significance 

CMD surface and % 

Andromeda polifolia 

Regression 133.16 1 133.16 2.13 .19 

 Residual 438.56 7 62.65   

  Total 571.72 8    

CMD surface and % 

Cladina portentosa 

Regression 1279.06 1 1279.06 0.88 .40 

 Residual 5822.15 4 1455.54   

  Total 7101.21 5    

CMD surface and % 

Gaultheria shallon 

Regression 687.93 1 687.93 3.50 .12 

 Residual 981.79 5 196.36   

  Total 1669.71 6    

CMD surface and % 

Kalmia microphylla 

Regression 44.63 1 44.63 0.69 .47 

 Residual 194.07 3 64.69   

  Total 238.70 4    

CMD surface and % 

Ledum groenlandicum 

Regression 178.96 1 178.96 0.99 .36 

 Residual 1083.01 6 180.50   

  Total 1261.97 7    

CMD surface and % 

Rhynchospora alba 

Regression 2120.43 1 2120.43 14.11 .02
a
* 

 Residual 601.28 4 150.32   

  Total 2721.71 5    

CMD surface and % 

Vaccinium oxycoccus 

Regression 0.37 1 0.37 0.07 .81 

 Residual 33.51 6 5.58   

  Total 33.88 7    

CMD surface and % 

Vaccinium uliginosum 

Regression 936.49 1 936.49 9.57 .01* 

 Residual 880.74 9 97.86   

  Total 1817.23 10    

CMD surface and % 

Sphagnum tenellum 

Regression 0.23 1 0.23 0.00 .99 

 Residual 8148.49 5 1629.70   

  Total 8148.71 6    

CMD surface and % 

Sphagnum capillifolium 

Regression 0.01 1 0.01 0.00 .95 

 Residual 7.19 3 2.40   

  Total 7.20 4    

Note. 
a
Results following removal of 1 outlier, see Table 14 for additional information. *Significant at the 

p < .05 level. 
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Figure 22. Scatterplot of the CMD surface and average percent cover estimate of V. uliginosum 

for permanent vegetation monitoring plots. 

 

Figure 23. Scatterplot of the CMD high water table and average percent cover estimate of V. 

uliginosum for permanent vegetation monitoring plots. 
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Figure 24. Scatterplot of the CMD high water table and average percent cover estimate of R. 

alba for permanent vegetation monitoring plots. 

 

Cumulative Moisture Deficit and Tree Growth 

CMD values were found to have significant positive relationships with the average P. 

contorta dbh (n = 12; Tables 18 and 19), suggesting that the CMD could provide some predictive 

value when forecasting tree growth.  CMD surface had a moderate positive relationship with the 

average P. contorta dbh at the study sites (linear regression p = .005, r
2
 = .56; Figure 25).  The 

CMD high water table also had a moderate positive relationship with average tree dbh (linear 

regression p = .02, r
2
 = .46; Figure 26); however, slightly weaker than the CMD surface 

relationship.   
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Table 18  

Summary of regression analysis of CMD and average P. contorta diameter at breast height (dbh) 

Independent variable Dependent variable n Slope R
2
 P-value 

CMD surface 
Average Pinus contorta 

dbh 
12 0.0001 .56 < .01* 

CMD high water table 
Average Pinus contorta 

dbh 
12 0.0003 .46 .02* 

Note. *Significant at the p < .05 level.  

     

 

Table 19  

Analysis of variance table of CMD and average P. contorta diameter at breast height (dbh) 

Relationship evaluated Model 
Sum of 

squares 
df 

Mean 

square 
F Significance 

CMD surface  Regression 100.40 1 100.40 12.52 < .01* 

 Residual 80.21 10 8.02 
  

  Total 180.61 11 
   

CMD high water table Regression 83.47 1 83.47 8.59 .02* 

 Residual 97.14 10 9.71 
  

  Total 180.61 11 
   

Note. *Significant at the p < .05 level.  

     



RESTORATION OF BURNS BOG  87 
 

 

 

Figure 25. Scatterplot of the CMD surface and average P. contorta diameter at breast height 

(dbh). 

 

Figure 26. Scatterplot of the CMD high water table and average P. contorta diameter at breast 

height (dbh). 
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Interpretation and Discussion 

The cumulative moisture deficit (CMD) and water table residence times provide new and 

useful measures of hydrology that allow for a better understanding of the hydrological 

environment across undisturbed ecological zones and vegetation types of Burns Bogs.  Prior to 

this study, the hydrology of undisturbed ecosystems had yet to be assessed in a way that 

considered both the duration and intensity of moisture stress.  The use of hydrological measures 

such as the CMD and water table residence time allows for an assessment of the quantitative 

relationships between the moisture deficits in ecological zones and vegetation indicators such as 

plant species cover and tree density and diameter.  The quantitative relationships can be applied 

to disturbed sites of the Bog to help evaluate the trajectory and potential for recovery of peat-

forming plant communities.  

Water Table Elevations and Residence Times 

Water table elevations and frequency histograms of water table residence times reveal the 

differences in hydrology across ecological zones.  The frequency histograms, especially, add a 

temporal component to understanding water table variation over the course of a year in addition 

to a simple low-point elevation and time.  Water table elevations prove useful in displaying the 

seasonality of water table fluctuations relative to precipitation and temperature but do not 

quantify the total time the water table spends at differing depths below the surface of the bog.  

Elevations and mean water table depths can be used to show average positions of the water table 

and the simple low point of the water table but do not demonstrate the intensity of the mean 

depth or low point in terms of time (e.g., number of days at depth).  The frequency histograms of 

water table residence times quantify the behaviour of the water table.  This quantification can be 
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used to easily identify fluctuations within the acrotelm and the potential intensity of moisture 

stress conditions if the water table spends substantial time below the acrotelm layer.  

The frequency histograms created as part of this study demonstrate the different patterns 

of water table variation within the acrotelm over much of the year at undisturbed ecological 

zones, including the Rhynchospora – Sphagnum, low shrub, tall shrub, and Lodgepole pine – 

Sphagnum ecosystems.  The Lodgepole pine – Salal ecosystem is the driest of the ecosystems 

evaluated and was found to have a water table that occurred at or below the typical lower 

boundary of the acrotelm (assumed to be 50 cm for the Bog; Howie et al., 2008) for the greatest 

number of days over a year (103.34 days at Delta 05-01 and 88 days at Delta 05-02), have the 

lowest mean water table positions (37 and 38 cm at Delta 05-01 and Delta 05-02, respectively), 

and have the lowest low water table positions across ecological zones (lowest elevation range 

was 85 to 90 cm below the surface at Delta 05-01).  Figures 15 and 16 show the water table 

residence times of the two Lodgepole pine – Salal sites, Delta 05-01 and Delta 05-02.  As shown 

in these figures, the water table on average ranges from 5 cm to 90 cm below the bog surface.  

This wide range in water table depth is consistent with Howie et al. (2009) who noted that the 

forested margins of the bog experience greater fluctuations in water table elevations than moist 

inner bog sites.   

Within the Lodgepole pine – Salal ecosystem, established woody vegetation, including 

pines and dense understory of L. groenlandicum and G. shallon dominate.  This vegetation 

reduces water inputs to the bog through interception and transpiration (Hebda et al., 2000; Howie 

et al., 2009; Cheng, 2011).  The Lodgepole pine – Salal ecosystem occurs at the margins of the 

Bog, in close proximity to drainage ditches.  The enhanced drainage of water at the perimeter of 

the Bog through runoff to existing ditches has been noted to cause growth and expansion of trees 
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(Howie et al., 2009).  Drainage ditches may cause increased run off, lower the water table at the 

margins of the Bog (Howie et al., 2008), and reduce water storage.  Delta 05-01 occurs closer to 

the Bog margin than Delta 05-02.  The water table frequency histograms demonstrate that the 

water table at Delta 05-01 spends a longer time below the typical lower boundary of the acrotelm 

and has a slightly lower water table low point than Delta 05-02.  The expansion of trees and 

other woody vegetation may cause increased draw down of water through transpiration and 

result in lower water table elevations and water table depths that reside below the typical lower 

boundary of the acrotelm.  Woody vegetation draws water from deep below the bog surface and 

transpires it (Hebda et al., 2000).  This phenomenon, combined with the dense canopy of woody 

vegetation, reduces the ability of shade intolerant Sphagnum to establish and grow (Hebda et al., 

2000).   

The growth and establishment of Sphagnum is very low in the Lodgepole pine – Salal 

ecosystem, likely due to the prolonged period at which the water table resides well below the 

acrotelm and the greater shading of the ground surface by understory and canopy species (e.g., 

G. shallon and P. contorta).  As detailed, the water table within the Lodgepole pine – Salal 

ecosystems was found to occur at or below the typical lower boundary of the acrotelm for the 

greatest number of days over a year across the study sites, 103.34 days at Delta 05-01 and 88 

days at Delta 05-02 (Figures 15 and 16, respectively). The only other sites to occur below the 

lower boundary of the acrotelm were TH9 and Delta 05-04 of the Lodgepole pine – Sphagnum – 

tall shrub ecosystem, which were found to occur 58.83 days and 28.17 days, respectively, on 

average below a depth of 50 cm.  In comparison, the water table within the Lodgepole pine – 

Salal ecosystem spends much more time below the lower boundary than the tall shrub 

ecosystem.  Overall, the presence of the perimeter ditches and woody vegetation in the 
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Lodgepole pine – Salal ecosystem likely results in lower water table elevations and frequency 

histograms that reflect a water table that resides at depths below the lower boundary of the 

acrotelm for a portion of the year.  

In contrast to the Lodgepole pine – Salal ecosystem, the low shrub, Lodgepole pine – 

Sphagnum, and Rhynchospora – Sphagnum ecosystems experienced water table levels that 

fluctuated within the typical acrotelm (above 50 cm) on average.  These ecosystems support 

Sphagnum growth, hummock development, and peat-forming vegetation, which may be 

attributed to the ability of the surface peat layer to maintain water storage within the typical 

acrotelm depth over the course of the year.  The mean water table depths of the Rhynchospora – 

Sphagnum and low shrub ecosystems were similar and ranged 6 to 10 cm below the surface, 

whereas the mean water table depth in the tall shrub ecosystem was as much as 20 cm lower than 

this range.  The water table of the tall shrub ecosystem was found to reside above the acrotelm 

for majority of the year, but to also reside below the acrotelm for a small portion of the year 

(58.83 days at TH9 and 28.17 days at Delta 05-04).  The tall shrub ecosystem supports 

Sphagnum hummock development and peat-forming vegetation and so the amount of time the 

water table occurs below the acrotelm may not be substantial enough to limit Sphagnum growth.  

The tall shrub ecosystem has a higher mean water table as compared to the Lodgepole pine – 

Salal ecosystem and this may help to limit the growth of some species such as G. shallon and P. 

contorta, and thus reduce shading of the ground surface which can limit Sphagnum growth.  

The water table residence time frequency histograms for several study sites exhibit a 

bimodal distribution.  The study sites which exhibited the strongest bimodal distributions were 

the Lodgepole pine – Sphagnum (Figures 11 and 12), tall shrub (Figures 13 and 14), and 

Lodgepole pine – Salal (Figures 15 and 16) ecosystems.  Comparing the histograms of these sites 
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with the water table elevation diagram, it is likely the peaks occur seasonally during the dry and 

wet seasons.  The sites which exhibit a bimodal distribution are drier than the Rhynchospora – 

Sphagnum and low shrub sites.  At the moist sites, the water table spends majority of the year 

fluctuating at or near the surface, which is demonstrated in both the frequency histograms and 

the water table elevation curves.  Drier sites of the Bog were found to exhibit greater seasonality 

in water table fluctuations whereas moister sites experienced less variation in water table 

elevations over the course of the year.  As observed in Burns Bog, the Lodgepole pine – Salal, 

Lodgepole pine – Sphagnum, and tall shrub ecosystems are dominated by woody vegetation and 

established pines.  This vegetation reduces the potential for water storage by decreasing 

precipitation that reaches the bog due to interception and transpiration (Price et al., 2003; Howie 

et al., 2009).  In warm summer months when precipitation is limited, the water table at drier sites 

may not be recharged due to interception and strong evapotranspiration by leafy vegetation.  

Damman and French (1987 as cited in Hebda et al. 2000) note that when evapotranspiration is 

greater than water inputs, plants draw water stored in upper peat layers during the growing 

season.  At this time of the year, the water table is decreasing in depth and the evapotranspirative 

demand increases more rapidly in heavily vegetated areas.  This results in a more rapid decline in 

the water table and prolonged lower water table elevations in the late summer and early fall 

(Damman and French, 1987 as cited in Hebda et al., 2000), a characteristic of drier sites at Burns 

Bog.  The acrotelm layer is highly porous and permeable (Hebda et al., 2000) and wooded edges 

of a bog can have a thick acrotelm layer (Rydin & Jeglum, 2006).  As such, water may drain 

quickly at the edges of the bog through the porous acrotelm.  The seasonal lowering of the water 

table and drainage from the acrotelm may contribute to the bimodal distribution of water table 

residence times.   
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Application to bog restoration. Frequency histograms of water table residence times 

had yet to be created for Burns Bog before this study and going forward, they can be used to 

assess the variation of the water table in a spatial and temporal sense at both disturbed and 

undisturbed sites.  The water table residence times can be used as a tool to understand hydrology 

of the Bog on a localized scale and the nature of the water table at a disturbed site (e.g., how 

much time is the water at a disturbed site fluctuating within the acrotelm?).  For restoration 

purposes, the histograms may help to indicate if water is being held in storage within the 

acrotelm, as anticipated within the Rhynchospora – Sphagnum ecosystem, or if the water table 

spends majority of the year below the typical lower boundary of the acrotelm.  This type of 

information may support ditch blocking initiatives across the Bog.  Frequency histograms could 

be created for disturbed sites to determine which sites could benefit from increased water levels 

that may be achieved through ditch blocking.  If a disturbed site is found to have a water table 

that drops below the lower boundary of the acrotelm for a significant portion of the year, ditch 

blocking may help to increase average water table levels and water storage in the disturbed area 

to a position that is associated with active Sphagnum growth and does not result in flooding or 

die-off of woody vegetation.   

Cumulative Moisture Deficit 

Cumulative moisture deficit values exhibit a gradation across ecological zones, with low 

deficits occurring in the moist low shrub and Rhynchospora – Sphagnum ecosystems and high 

deficits in the dry treed Lodgepole pine – Salal ecosystem (see Table 7 for CMD values).  The 

gradation of deficits across ecological zones reflects the fluctuation of the water table levels and 

residence times.  Moist open bog and low shrub sites experience lower annual and cumulative 

deficits given the shorter range and slower rate of water table decline during the moisture deficit 
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interval.  It was observed during field observations for this study that the low shrub and 

Rhynchospora – Sphagnum ecosystems form a mosaic in the raised central portion of the Bog.   

The similarity of the CMD values between the low shrub and Rhynchospora – Sphagnum 

ecosystems may be attributed to the proximity of these ecosystems to one another and the 

location of the study sites at the boundary between these two ecosystems.  

In contrast to the moist open bog sites, drier tree covered sites experience greater 

fluctuations of water table levels (Howie et al., 2009), which increases the annual and cumulative 

deficit values.  The greatest deficits were found in the Lodgepole pine – Salal ecosystem at Delta 

05-01 and Delta 05-02 which had CMD surface values of 68,883.00 cm-days and 68,009.00 cm-

days, respectively.  High deficit values are likely indicative of sites with greater evaporation and 

transpiration and thus lower water storage as compared to sites with low deficits.   

The CMD represents the accumulated difference in moisture stress over a six year period, 

and takes into account the climatic variation in temperature and precipitation through water table 

fluctuations.  In a direct way, the CMD reflects the long-term differences that might be expected 

to affect the structure and composition of plant communities, and also emphasizes the deficit in 

moisture that may be less obvious from year to year.  Previous studies on the hydrology of Burns 

Bog (e.g., Helbert & Balfour, 2000) noted that the Bog is said to experience a moisture deficit 

from April to early September or October each year.  This represents a seasonal deficit when 

evaporation and transpiration are greater than precipitation (Hebda et al. 2000; Helbert & 

Balfour, 2000).  The CMD provides important insight into the water balance and hydrology 

across Burns Bog as it considers both the duration and intensity of moisture stress (i.e., the 

amount of water table decline and the pattern and duration of the decline).   This measure may 
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also provide a more sensitive predictor of vegetation cover and recovery than simple measures of 

water table position or low points in the water table.  

Application to bog restoration. The measure of the CMD had yet to be developed for 

Burns Bog prior to this study and this research shows that the CMD can be used to quantify the 

moisture stress area (i.e., cm-days) for ecological zones of the Bog.  The CMD provides a 

tangible and useful measure of moisture stress as well as a way to quantify water table behaviour 

so it can be linked to vegetation indicators.  The calculations of CMD can be applied to disturbed 

sites to better understand the moisture stress and the type of vegetation communities that may be 

supported over time through restoration given that the CMD integrates water table differences 

over several years.  If through the use of piezometer water table data recordings a disturbed site 

was found to have a CMD typical of the Rhynchospora – Sphagnum ecosystem, it may be 

possible to establish Sphagnum cover through Sphagnum re-inoculation techniques as that site 

may have a low enough deficit to support growth.  Evaluating the CMD before and after such 

restoration techniques may help to indicate the trajectory of a site and whether or not restoration 

is helping to decrease moisture stress.  Calculating the CMD at a disturbed site that is actively 

undergoing ditch blocking may also help to indicate if increased water table levels are decreasing 

the CMD over time.  Also, combining an assessment of CMD and the removal of trees at a 

disturbed site may be useful in identifying if tree removal reduces the moisture deficit and 

creates conditions more conducive to supporting Sphagnum growth.  Assessing the CMD over 

five years may help to give an indication of change in a site’s moisture deficit.   

Cumulative Moisture Deficit and Plant Cover Estimates 

This study found that CMD values were statistically linked to the percent cover estimates 

of several bog plants, including G. shallon, C. portentosa, V. uliginosum, and R. alba.  The 
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relationships between CMD and bog plants demonstrate clear distinctions between moisture 

stress and species distributions.  CMD surface was found to have a positive relationship with G. 

shallon, an understory shrub which is common at the drier margins of the Bog, using the 

monitoring plots installed for this study (i.e., those plots installed in September 2012).  This 

relationship suggests that a high and increasing CMD over time at a disturbed site could be used 

to predict high and increasing G. shallon cover.  At the drier margins of the Bog, within the 

Lodgepole pine – Salal ecosystems, G. shallon forms dense understory and is also common in 

the Lodgepole pine – Sphagnum ecosystem (Hebda et al., 2000).  Of the plant species to occur 

within ecosystems with higher CMD values, G. shallon was the only one found to have a 

significant relationship with CMD.    

Three plant species common in moist ecosystems of the Bog were found to have 

significant relationships with CMD values, C. portentosa, V. uliginosum, and R. alba.  Negative 

relationships were found between both CMD values (i.e., surface and high water table values) 

and C. portentosa at the monitoring plots installed for this study.  This suggests that at low CMD 

values, it may be possible to predict high C. portentosa cover, and by decreasing the CMD 

through restoration techniques such as ditch blocking, C. portentosa cover may increase.  C. 

portentosa is common on dry microsites of the Lodgepole pine – Sphagnum – low shrub 

ecosystem as noted by Hebda et al. (2000).   

Three significant relationships were found between CMD values and V. uliginosum, two 

at the permanent plots and one at the plots installed for this study.  At the permanent plots, both 

the surface and high water table CMD values were found to have positive relationships with V. 

uliginosum cover, indicating that the CMD values may be useful in predicting increasing V. 

uliginosum cover as CMD increases. A significant quadratic relationship was identified at the 
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plots installed for this study between CMD high water table and V. uliginosum.  This 

demonstrates that increasing CMD values may be helpful in predicting an increase in V. 

uliginosum cover; however, as CMD values continue to increase, the percent cover of V. 

uliginosum may decrease.  V. uliginosum is characteristic of the Lodgepole pine – Sphagnum – 

low shrub ecosystem and often occurs with other low-growing shrubs such as K. microphylla 

sub. occidentalis.  At very low CMD values, V. uliginosum may not readily grow in standing 

water that can occur in lawn and mud bottom series of the Rhychospora – Sphagnum ecosystem.  

At the permanent plots, CMD high water table was found to have a negative relationship 

with R. alba.  This relationship suggests that CMD may be useful in predicting high R. alba 

cover in areas with low CMD, as might be expected.  R. alba is typically found within moist, 

open areas of the Bog (Hebda et al., 2000) and is a characteristic plant species of the 

Rhynchospora – Sphagnum ecosystem.  R. alba is the dominant graminoid species of the “lawn” 

series in “hummock-lawn-carpet-mud-bottom-pool” microtopography.  Lawn habitat occurs 5 to 

20 cm above the water table and is inhabited mostly by graminoid species such as cyperaceous 

plants and grasses (Rydin & Jeglum, 2006).  

The CMD values appear to be linked to the other plant cover estimates assessed; 

however, only four species were found to have statistically significant relationships with CMD.  

Plant cover estimates represent estimates and not absolute values.  This, combined with a small 

sample size for some species, may have reduced the potential of finding other statistically 

significant relationships.  Additional observations on the key species assessed as part of this 

study may provide a more robust sample size by which to assess the relationships between CMD 

and plant cover.   
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Application to bog restoration. The significant relationships identified between CMD 

and percent cover of plants quantify intuitive relationships between hydrology and plant species 

assemblages observed across ecological zones of Burns Bog.  The results of this study point to a 

predictive value in using CMD to anticipate percent cover of plants.  Bog vegetation is shaped by 

the availability and access to water below the surface (Rydin & Jeglum, 2006), not only over the 

course of a year but over many years and thus the CMD provides an important measure for 

understanding how hydrology can shape vegetation gradients and patterning.  From a restoration 

perspective, using the relationships of CMD and plant species cover may help to identify the 

potential for Sphagnum generation.  Pouliot, Rochefort, Karofeld, Mercier (2011) found that 

vascular plants can support Sphagnum growth and hummock develop.  The presence of vascular 

plants maintains relative humidity, regulates temperature, reduces the intensity of light 

penetration, and helps in the formation of Sphagnum hummocks by providing internal structure 

for hummocks to develop (Pouliot et al., 2011).  The knowledge of the CMD at disturbed sites of 

the Bog can also allow for predications on the type of plant species assemblage that may 

establish and be supported over time, giving insight to the trajectory and potential recovery of 

disturbed sites.  This knowledge will help to build an understanding in how to restore peat-

forming vegetation communities given moisture deficits of disturbed areas.   

Cumulative Moisture Deficit and Tree Density and Diameter 

P. contorta grows in all ecological zones observed in this study with the highest density 

occurring the in the Lodgepole pine – Sphagnum – low shrub ecosystem (0.15 stems per m
2
 at 

Delta 06-15; Table 8).   Generally, lower tree density occurred in drier ecosystems such as the 

Lodgepole pine – Salal (0.04 stems per m
2
 Delta 05-02) and tall shrub ecosystem (0.04 stems per 

m
2
 at TH9).  An exception in this trend was noted at Delta 05-10 of the Rhynchospora – 
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Sphagnum ecosystem which had a density of 0.04 stems per m
2
, the same as Delta 05-02 and 

TH9.  Ohlson, Okland, Nordbakken, and Dahlberg (2001) note that juvenile and adult Scots pine 

(Pinus sylvestris) in a boreal bog occurred in different habitats, with juvenile pines inhabiting 

areas dominated by Sphagnum and adult pines occurring in areas with lichens and sparse 

vegetation.  Sphagnum hummocks were noted by Ohlson et al. (2001) to provide high quality 

habitat for the establishment of pine seedlings; however, Sphagnum has the ability to reduce the 

establishment of pines as it often outgrows seedlings.  Pines that outgrow Sphagnum, like those 

at the drier margins of Burns Bog, can change the environment through interception of 

precipitation, transpiration, and shading of the understory, thereby reducing or eliminating the 

ability of Sphagnum to grow (Ohlson et al., 2011).  In the low shrub ecosystem of Burns Bog, 

hummocks may support establishment of P. contorta, but their growth is likely limited due to the 

harsh conditions that Sphagnum creates.   

The Lodgepole pine – Salal ecosystem was found to have a low density of trees but the 

trees were of significantly larger dbh than the trees in moist sites.  The largest size trees were 

found in the Lodgepole pine – Salal (up to 22.7 cm dbh), tall shrub (up to 24.8 cm dbh), and 

Lodgepole pine – Sphagnum (up to 25.5 cm dbh) ecosystems, with the smallest sized trees 

occurring in the low shrub (1.6 dbh) and Rhynchospora – Sphagnum (1.1 cm dbh) ecosystems.  

In undisturbed and moist areas of the bog, P. contorta remains stunted; however, in disturbed 

and drier areas of the bog (e.g., areas with high CMD values), P. contorta has been noted to 

grow vigorously especially in disturbed areas with lower water table levels (Whitfield et al., 

2006).  The findings of stunted trees in moist open bog and low shrub sites are consistent with 

those noted by van Breemen (1995) in regards to reduced tree growth in Sphagnum bogs as well 

as Ohlson et al. (2001) in regards to juvenile pine growth.  Van Breemen (1995) notes that 
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Sphagnum bogs provide poor unsuitable conditions for trees to grow due to low soil 

temperatures, excess water, high acidity, and low nutrient supply.  The growth and establishment 

of P. contorta at the drier margins of the Bog has been noted by several studies (Hebda et al., 

2000; Whitfield et al., 2006).  Larger trees function to reduce precipitation inputs to the Bog 

through interception and evapotranspiration (Price et al., 2003) and thus in moist open bog areas, 

the stunted and smaller P. contorta trees are unlikely to impact water table fluctuations the way 

larger trees do at the margin of the Bog and in disturbed areas.  Fewer but larger trees in drier 

areas of the Bog may be indicative of conditions conducive to the growth of trees but not the 

establishment which could be hindered by dense understory cover.   

Statistically significant positive relationships were found between the diameter at breast 

height (dbh) of P. contorta and both CMD values.  This suggests that CMD may be useful in 

predicting the dbh, and therefore growth, of P. contorta across ecological gradients.  Importantly, 

these results may also indicate that tree growth can be used to predict CMD and therefore the 

potential of a site for restoration to an open bog ecosystem.  At low CMD values, small P. 

contorta trees would be expected, and at high CMD values, larger diameter P. contorta could be 

predicted.  An assessment of the relationship between CMD and tree density was not conducted 

for this study; however, such an assessment may provide additional information into the 

relationship between moisture and tree establishment.    

Application to bog restoration. The statistically significant relationships between CMD 

and P. contorta dbh provide tangible findings that quantify a distinct trait of vegetation and 

moisture availability.  These findings can be applied to the restoration and maintenance of the 

Bog.  The growth and expansion of trees across the Bog has been of particular concern for years 

due to the impact trees have on the Bog’s water balance (Whitfield et al., 2006).  To determine 
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the rate at which P. contorta is growing across ecological zones of the Bog relative to CMD, 

trees could be equipped with  collars which track and monitor growth.  The monitoring could be 

used to indicate subtle changes in tree growth in areas that are being actively restored.  For 

example, collars could be used to monitor if the growth of trees is slowing over time in those 

areas that the water table is being restored through ditch blocking initiatives.  Such trends in tree 

growth could provide positive confirmation that manipulation of the water table is having the 

desired effect, even though the effect may not be immediately visible.  The continuous 

monitoring of tree dbh may be more statistically sensitive and effective in detecting a positive 

response to water table manipulation than assessing change in plant species cover.   

Sphagnum Growth and Cover 

Sphagnum vertical growth and cover were not found to be statistically linked to CMD 

values; however, the change in Sphagnum height over the sampling period provides useful 

information into the seasonal fluctuations of Sphagnum growth at Burns Bog.  Of the hummocks 

assessed for vertical Sphagnum growth, the change in height appeared to be positive over the 

course of the year (from 2012 to 2013).  On average, Sphagnum was found to grow during the 

wet/moist season in the fall to the spring (i.e., September to May) and experience little change 

over the dry season in spring to late summer (i.e., March to September).  The winter growth of 

mosses, including Sphagnum, has been observed by Asada, Warner, and Banner (2003) in a 

sloping open bog near Prince Rupert.  This study took place in a hypermaritime region, an area 

with abundant precipitation (Asada et al., 2003).  A main factor influencing seasonality in 

Sphagnum growth and the preference for growth during the wet season may include decreased 

evapotranspiration (van Breemen, 1995), which increases water storage.  Rydin and Jeglum 

(2006) note that water availability is a main determinant in the productivity of Sphagnum.  Given 
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that rainfall can vary from year to year, this can result in a variation of the production of 

Sphagnum biomass (Rydin & Jeglum, 2006).  During dry periods, Asada et al. (2003) note that 

Sphagnum hummocks can retain water which allows for Sphagnum growth at low rates.  This is 

consistent with the findings for Burns Bog in which little change in Sphagnum growth was 

observed during the dry season. 

In addition to moisture availability, Sphagnum height measurements recorded as part of 

this study may be influenced by the time of day the recordings were taken (e.g., morning vs. 

afternoon measurements), recent precipitation, and impacts to Sphagnum hummocks from 

wildlife or humans (e.g., trampling).  Nevertheless, overall the assessment of Sphagnum growth 

over a year period reveals that Sphagnum grows mostly during the cool wet season rather than 

the dry season.  The timing of Sphagnum growth in a raised bog such as Burns Bog is different 

than northern bogs which may experience frozen temperatures during the winter season and 

therefore inhibit growth; however, warmer conditions in the summer allow for growth to occur 

(R. Hebda, personal communication, March 22, 2014).   The hypermaritime climate in which 

some raised bogs occurs may benefit Sphagnum growth due to a longer wet growing season and 

Asada et al. (2003) note that the cool and wet hypermaritime climate can promote peat formation 

and accumulation.  Biannual monitoring of Sphagnum growth may be beneficial at Burns Bog to 

assess change over time and the seasonality of Sphagnum growth.  

Key Observations 

Despite the small sample size and short-term nature of this study (i.e., over one growing 

season), the findings provide tangible information to support the restoration of Burns Bog.  Key 

observations include: 
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 Water table residence times provide a temporal component to understanding 

hydrological behaviour of the Bog; 

 Cumulative moisture deficits vary across ecological zones, with the lowest 

deficits occurring in moist open bog sites and the highest in drier treed sites; and 

 The cumulative moisture deficits were found to be statistically related to the cover 

of key bog plant species as well as P. contorta dbh, indicating that CMD can be 

used to predict these vegetation indicators and vice versa.  

Recommendations and Conclusions 

Based on the results of this study, several recommendations are proposed to further 

support the restoration of Burns Bog and understand the relationships between hydrology and 

ecological gradients.  The recommendations, which generally related to data collection, 

methodology, and application of this study, include: 

 Equip P. contorta trees at the margin of the Bog (e.g., in the Lodgepole pine – 

Salal ecosystem) and in disturbed sites (e.g., near areas where ditch blocking has 

been used) with collars to measure the change in dbh.  The change in dbh could 

be assessed against CMD values for piezometers/sites near the bog margins or in 

areas with established trees. This information may indicate whether or not tree 

growth is declining year to year and trending to growth rates typical of peat-

forming communities. 

 The cumulative moisture deficit was found to be statistically linked to vegetation 

indicators (i.e., tree growth and plant species percent cover estimates).  The 

sample size of this study was low for some plant species and Sphagnum cover 

estimates, which may have influenced the statistical findings.  To build on the 
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findings of this study, additional vegetation plots could be established around the 

study sites (i.e., at the selected piezometers) to increase the sample size and build 

a more robust data set for understanding the relationships between CMD and plant 

species cover and Sphagnum growth.   

 Conducting additional frequent sampling and measuring of vegetation indicators 

(e.g., for three to five years) may help to account for variability in weather 

conditions.   

 Conduct bi-annual Sphagnum growth measurements, once during the wet season 

and once during the dry season, to assess when significant growth of Sphagnum 

occurs.  Sphagnum growth measurements should include lateral measurements to 

assess for outward growth.  In addition to bi-annual growth measurements, 

biomass sampling of Sphagnum could be completed to indicate when biomass is 

being added and if growth is related to biomass accumulation.   

 Develop and calculate water table residence frequency histograms and cumulative 

moisture deficit values for disturbed areas to assess the behaviour of the water 

table.  These measures of hydrology will help to characterize the fluctuation of the 

water table and intensity and duration of moisture stress.  Assessing the behaviour 

of the water table in disturbed areas will help to identify those areas with 

residence time features and CMD values that can potentially support peat-forming 

vegetation communities such as those observed in the low shrub and 

Rhynchospora – Sphagnum ecosystems.  
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In summary, the findings of this study suggest the cumulative moisture deficit can be 

used to indicate the potential for vegetation recovery at a site.  The calculated cumulative 

moisture deficit values for ecological zones of the Bog were found to be statistically related to 

percent cover of several key bog plant species and Lodgepole pine diameter at breast height.  

The statistical relationships found as part of this research quantify intuitively interpreted 

relationship across hydrological environments of the Bog which may serve to better understand 

the trajectory and potential recovery in disturbed areas.  For example, if we have knowledge that 

a disturbed site has a CMD similar to the Rhynchospora – Sphagnum ecosystem, we may be able 

to regenerate Sphagnum hollow species growth by scattering Sphagnum fragments (i.e., 

diaspores) at the disturbed site (e.g., study completed by Chirino, Campeau, & Rochefort, 2006).  

The findings of this study also suggest that Sphagnum experiences a greater rate of growth 

during the wet season, from the winter to spring, than during the summer dry season.  This 

finding has important implications for the monitoring and measurements of Sphagnum growth 

and biomass accumulation at the Bog.  

  Importantly, the measures of hydrology used in this study, the cumulative moisture 

deficit and water table residence times, represent new ways to understand the duration and 

intensity of moisture stress and thus enhance the understanding of the Bog’s hydrological 

environment and its relationship to plant assemblages.  A key goal of restoration at Burns Bog is 

to re-establish peat-forming plant communities (Howie et al., 2009).  The findings of this 

research contributes to this goal by providing insight into the relationships between moisture 

stress and ecological gradients, and the growth of vegetation that can be predicted and supported 

at disturbed sites. 
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Appendix A 

 Water Table Elevation Diagrams for the Twelve Study Sites 

 

 

Figure A1. Water table levels at Delta 05-06 in the Rhynchospora – Sphagnum ecosystem from 

January 2007 to December 2012. 
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Figure A27. Water table levels at Delta 05-10 in the Rhynchospora – Sphagnum ecosystem from 

January 2007 to December 2012. 

 

Figure A28. Water table levels at Delta 06-16 in the Rhynchospora – Sphagnum ecosystem from 

January 2007 to December 2012. 
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Figure A29. Water table levels at Delta 05-05 in the Lodgepole pine – Sphagnum – low shrub 

ecosystem from January 2007 to December 2012. 

 

Figure A30. Water table levels at Delta 06-15 in the Lodgepole pine – Sphagnum – low shrub 

ecosystem from January 2007 to December 2012. 
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Figure A31. Water table levels at Delta 05-08 in the Lodgepole pine – Sphagnum – low shrub 

ecosystem from January 2007 to December 2012. 

 

Figure A32. Water table levels at BB5 in the Lodgepole pine – Sphagnum ecosystem from 

January 2007 to December 2012. 

-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

D
ep

th
 t

o
 W

at
er

 T
ab

le
 (

m
) 

-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

D
ep

th
 t

o
 W

at
er

 T
ab

le
 (

m
) 



RESTORATION OF BURNS BOG  117 
 

 

 

Figure A33. Water table levels at BB6 in the Lodgepole pine – Sphagnum ecosystem from 

January 2007 to December 2012. 

 

Figure A34. Water table levels at TH9 the Lodgepole pine – Sphagnum – tall shrub ecosystem 

from January 2007 to December 2012. 
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Figure A35. Water table levels at Delta 05-04 the Lodgepole pine – Sphagnum – tall shrub 

ecosystem from January 2007 to December 2012. 

 

Figure A36. Water table levels at Delta 05-01 the Lodgepole pine – Salal ecosystem from 

January 2007 to December 2012. 
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Figure A37. Water table levels at Delta 05-02 the Lodgepole pine – Salal ecosystem from 

January 2007 to December 2012. 
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Appendix B 

Accumulative Moisture Deficits from 2007 to 2012 

 

Table B1 

Annual and cumulative moisture deficits for the twelve study sites using the surface as the upper threshold 

 

 

 

 

 

Piezometer/ 

Study Site 

Annual Moisture Deficit Values Cumulative Moisture 

Deficit 2007 2008 2009 2010 2011 2012 

Delta 05-01 10180.50 12727.00 13385.50 9383.50 12149.00 11057.50 68883.00 

Delta 05-02 10071.00 11906.00 13748.50 9943.00 11497.00 10843.50 68009.00 

TH9 8451.50 9113.00 10181.00 6422.50 8542.00 8328.00 51038.00 

Delta 05-04 7599.50 8653.00 10101.00 7751.00 8336.50 8131.50 50572.50 

BB5 5597.50 6358.00 7797.00 5406.50 5795.50 5769.00 36723.50 

BB6 5242.50 6058.00 7826.50 5789.50 6481.00 7094.00 38491.50 

Delta 05-05 2906.50 3895.00 4875.50 2938.00 3535.00 3639.00 21789.00 

Delta 06-15 2305.00 2734.00 4676.50 2350.00 3176.50 2882.50 18124.50 

Delta 05-08 2258.00 2623.00 3536.00 2166.00 2288.00 3014.50 15885.50 

Delta 05-06 2109.50 2437.50 3440.00 1822.50 2018.50 2178.50 14006.50 

Delta 05-10 2374.00 2914.00 4772.00 1624.00 2662.00 2104.00 16450.00 

Delta 06-16 2086.00 2801.50 4141.50 1670.50 2507.50 2278.00 15485.00 
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Table B2 

Annual and cumulative moisture deficits for the twelve study sites using the high water table as the upper threshold 

 

 

Piezometer/ 

Study Site 

Annual Moisture Deficit Values Cumulative Moisture 

Deficit 2007 2008 2009 2010 2011 2012 

Delta 05-01 7705.50 8877.00 10910.50 4708.50 8299.00 7207.50 47708.00 

Delta 05-02 4846.00 5581.00 8523.50 3618.00 5447.00 5068.50 33084.00 

TH9 5426.50 4988.00 6881.00 3947.50 5792.00 4203.00 31238.00 

Delta 05-04 4987.00 4253.00 5976.00 3213.50 5174.00 4694.00 28297.50 

BB5 3947.50 4708.00 7247.00 2931.50 4695.50 5769.00 29298.50 

BB6 3180.00 4133.00 5764.00 3314.50 4281.00 5169.00 25841.50 

Delta 05-05 2906.50 3620.00 4875.50 2938.00 3535.00 3639.00 21514.00 

Delta 06-15 2305.00 2734.00 4401.50 2350.00 3176.50 2882.50 17849.50 

Delta 05-08 2258.00 1935.50 2711.00 1478.50 2013.00 3014.50 13410.50 

Delta 05-06 2109.50 1887.50 3433.00 1822.50 2018.50 2178.50 13449.50 

Delta 05-10 2374.00 2914.00 4772.00 1624.00 2662.00 2104.00 16450.00 

Delta 06-16 2086.00 2801.50 4141.50 1670.50 2507.50 2278.00 15485.00 


