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Abstract 

 

As the Circumpolar Arctic continues to undergo strong environmental change - such as 

increased annual temperatures and decreased sea ice cover - natural disturbances are 

occurring at frequencies and magnitudes never before recorded (Chapin et al. 2000; 

Manson and Solomon 2007; Shaver and Kummerow 1992). Coastlines and low-lying 

terrain have been predicted to be among the environments most susceptible to disturbance 

events, especially within the western Canadian Arctic (Forbes 2011; Lantuit et al. 2011). 

In September 1999, an oceanic storm surge occurred over the alluvial islands of the outer 

Mackenzie Delta, NWT Canada. The salt water incursion killed more than 250 km2 of 

freshwater tundra. Over a decade later, dead vegetation remains the dominant land cover 

for more than one quarter of the impacted region. Dynamic retrospective studies such as 

the one conducted here are important tools for properly monitoring current processes and 

forecasting future impacts within Arctic landscapes (Hilbert 2006). Landsat imagery has 

provided the data needed to perform an ecological assessment distinctive from almost all 

vegetation-based studies conducted within the Circumpolar Arctic to date. Completed 

within this thesis is a land cover map time series with close to annual coverage between 

1972 and 2010 of the alluvial islands in the outer Mackenzie Delta, as well as the first 

landscape-level vegetation recovery assessment of the area from the largest oceanic storm 

surge event to have occurred there in the past 1,000 years. 
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Chapter One: Introduction 

 

1.1 Oceanic storm surges and saline-water inundation impacts on tundra ecosystems 

A fundamental difference between Arctic tundra and more temperate vegetation types is its 

greater sensitivity to disturbance (Baldina et al. 1999; Bonsal and Kochtubajda 2009; 

Jorgenson and Ely 2001). Oceanic storm surges and saline-water inundation are disturbance 

events that can significantly impact Arctic ecosystems (Danard and Murty 1994; Pisaric et 

al. 2011). Freshwater tundra is particularly sensitive to soil solute change: the incursion of 

seawater commonly results in the kill-off of species that are inundated as well as severely 

limiting the amount of vegetation growth and species diversity that can occupy the altered 

landscaped (McMichael et al. 1997; Reimnitz and Maurer 1979; Walker 1973). Abrupt 

changes to the chemical and biotic structure of neighbouring water bodies can also occur 

following a surge event, which compounds the environmental change and extends the 

impacts further inland (Hill et al. 1991; Marsh and Schmidt 1993).  

 Despite the acknowledged importance of identifying the impacts of saline-water 

inundation on freshwater vegetation in the Arctic, many fundamental issues (e.g., short-

term disturbance responses, species-specific adaptations, and long-term impacts) remain 

largely unstudied (Danard et al. 2003; Hill et al. 1991; Lantuit et al. 2011). Almost all 

previous work on surges and vegetation within the Arctic has been done for brackish and 

salt marsh-type deltas, mostly in Alaska (Jorgenson and Ely 2001; Mikhailova 2009; 

Reimnitz and Maurer 1979; Taylor 1981) and Russia (Are and Reimnitz 2000; 

Schwamborn et al. 2002; Ulrich et al. 2009). A significant amount of the Russian research 

is unavailable in English. 
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1.1.1 The oceanic storm surge of 1999 in the outer Mackenzie Delta, NWT Canada 

From September 24 - 26, 1999 an oceanic storm in the western Beaufort Sea produced a 

surge event that occupied the outer Mackenzie Delta, Northwest Territories (NWT) Canada 

and extensively transformed the local ecology. The storm event resulted in a massive 

vegetation kill that has persisted over the landscape for more than a decade (Figure 1-1). To 

date, Pisaric et al. (2011) is the only published documentation of the 1999 storm event. 

Results of the study indicated the 1999 storm surge to be the largest of its kind in the 

Mackenzie Delta in over 1,000 years. However, the ecological impacts (i.e. the changes in 

vegetation community composition) have not been previously assessed.  
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Figure 1-1: Field photos taken in July, 2010 of persistent dead vegetation from a 1999 
oceanic storm surge that occurred in the outer Mackenzie Delta, NWT Canada. Aerial 
photos presented in a) and b) are views of West Langley Island; an arrow pointing to 
a piece of driftwood 10 feet in length is shown for scale. Ground photos of dead willow 
shrubs (Salix species) along the coastline of Ellice Island are in photos c) and d); a 
boot 25 cm in length is also shown for scale.  

 

1.2 Monitoring ecological changes in Arctic environments 

Oceanic storm surge events can cause impacted areas to remain ecologically unproductive 

for extended periods (Bliss and Cantlon 1957; Forbes et al. 2001; Gill 1972; Stow et al. 

1993). A disturbance of the magnitude seen in the outer Mackenzie Delta, both on spatial 

and temporal scales, has proven very difficult to quantify and monitor change. Satellite-

based assessments have proven to be an invaluable tool for assisting scientists in the 

characterisation and monitoring of vegetation changes within the Arctic (Laidler and Treitz 
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2003; Stow et al. 2004). Landsat-based vegetation assessments, in particular, have been 

conducted throughout the Canadian Arctic for decades (e.g. Chen et al. 2009a; Cihlar et al. 

2003; Dey and Richards 1981; Henry and Gunn 1991; Morrison 1997; Olthof and Fraser 

2007). With the recent release of the Landsat archive by the U.S. Geological Survey 

(USGS), large amounts of no-cost data are available to facilitate researchers to perform 

ecological studies never before completed (Karstensen and Sayler 2009; Landsat Science 

Team 2010). 

 

1.3 Research Objectives 

The primary intent of this thesis is to quantify the type, degree and duration of vegetation 

change occurring within the outer Mackenzie Delta, NWT between 1972 and 2010 with 

Landsat digital imagery. To accomplish the above, this thesis is divided into the following 

three objectives:  

1) Map the 2010 land cover for the outer Mackenzie Delta on a 30-metre spatial 

resolution, 

2) Delineate and quantify the spatial and temporal vegetation change that has occurred 

within the area between 1972 and 2010, and 

3) Determine the change agent (storm surge, fire, etc.) responsible for any identified 

vegetation change. 

 Completion of these three objectives will be done using the USGS Landsat archive. 

Imagery from 1972 - 2010 will be acquired from the data warehouse and transformed into a 

radiometrically consistent dataset, referred to as a Landsat Time Series Stack (LTSS). This 
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LTSS will then be applied to both automated and manual change-detection procedures in 

order to identify and quantify vegetation change. The assembly of such a temporally rich 

dataset also enables the following two secondary objectives to be undertaken: 

1) Apply the newly developed automated algorithm LandTrendr (Landsat-based 

detection of trends in disturbance and recovery), from Kennedy et al. (2010) to the 

LTSS for simultaneous identification of abrupt and continual changes in vegetation 

within the full LTSS, plus 

2) Assess the viability of integrating the latest, cross-calibrated Landsat Multispectral 

Scanner (MSS) imagery provided in the USGS archive with Landsat Thematic 

Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) imagery for use in 

historical vegetation assessments in the Arctic. 
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Chapter Two: Literature Review 

 

2.1 Oceanic storm surges in the western Beaufort Sea region 

Oceanic storm events within the western Beaufort Sea region are largely the result of low-

pressure maritime fronts (Manson and Solomon 2007). Storm surges are produced when 

these events cause a sudden increase in sea level and the inundation of ocean water onto the 

neighbouring interior (Danard et al. 2003). The size of the surge wave is principally 

controlled by wind speed/duration and available fetch (Hill et al. 1991; Nielsen 2009). 

During surge events, wind levels can reach an average velocity of 80 km/hr, produce waves 

over 3.0 m above average sea level (a.s.l.) and generate currents (> 0.5 m/s) along 

shorelines and local embayments (Haack 2001; Hill et al. 1991; Solomon and Forbes 1993). 

These events can also cause a reversal of flow within adjoining water channels, creating 

additional upstream flooding and sediment deposition (Jenner and Hill 1998). The 

ecological risk from surge events is greatest in late summer, because of the large fetches (as 

long as 100 km) that are created from seasonally low sea-ice extents and the increased 

surface salinity conditions from the reduced freshwater discharge of the Mackenzie River 

(Henry 1975; Hill et al. 1991; Manson et al. 2004; Serreze and Barry 2005). The dynamics 

of oceanic wave and surge creation in Arctic Oceans is beyond the scope of this thesis, 

however exceptional research on this topic has been conducted by numerous authors 

(Danard et al. 2003; Gisli et al. 1988; Henry 1975; Nielsen 2009; Wolf 2009).  
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geomorphologic features further govern species distribution and community density 

(Laidler and Treitz 2003; Murray 1997; Pollock et al. 1998; Walker 1998).  

 Of the studies conducted on saline inundation, many have only focussed on the 

regeneration strategies of Arctic tundra from disturbances resembling:  

1) Grazing and trampling pressures from birds and ungulates (e.g. Gratto-Trevor 1996; 

Henry and Gunn 1991; Nordberg and Allard 2002); 

2) Thermokarst processes, such as retrogressive thaw slumps (e.g. Kokelj et al. 2009; 

Lantz 2008),  

3) Natural-resource extraction activities including well sites, roads, drilling sumps and 

pipeline right-of-ways (e.g. Johnstone and Kokelj 2008; Kääb 2008; Kevan et al. 

1995; Wunderlich 2010), or  

4) Hydrocarbon contamination and associated remediation practices (seeding, 

fertilizing and active layer replacement) (Ebersole 1987; Hope et al. 1993; 

McKendrick and Mitchell 1978).  

 Work completed by Jorgenson (2001) on the differential sensitivity of coastal 

ecosystems to salt damage within Alaska found the presence of salt tolerant plant species to 

be largely beneficial in the recoverability of an area from storm surges of various saline 

concentrations. Jorgenson found that areas colonised by these plant types had minimal 

vegetation disturbance and increased recovery times from fall storm surges between 1994 

and 1997.  
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Table 2-1:  Summary of the Landsat satellite system.  
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Usability assessments of SLC-off gap filled products for various vegetation and assessment 

types can be obtained via the USGS-Landsat website (Landsat Science Team 2010).  

 

2.3.1 USGS preprocessing of the Landsat archive 

All current no-cost digital imagery provided by USGS has the corrections in Table 2-2 

applied using a Level 1 Product Generation System (LPGS). Multispectral Scanner imagery 

acquired from the USGS digital archive after September 2010 has also been radiometrically 

cross-calibrated to Landsat 5 MSS data using a Normalized Radiance Method (NRM) 

(Bhatt 2009). The NRM was developed to radiometrically standardise all MSS data to each 

other, as well as provide comparable LPGS products to that of the TM and ETM+ imagery 

currently produced by the USGS. A detailed explanation of the NRM and its application to 

Landsat products is provided by Bhatt (2009) and is available on the USGS-Landsat 

website (www.landsat.usgs.gov/NewMSSProduct.php). 

 

Table 2-2: USGS Level 1 Product Generation System (LPGS) processing information 
for Landsat imagery.  
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2.4 Vegetation characterisation and assessment techniques using Landsat imagery 

Landscape stability and local ecosystem dynamics are strongly influenced by vegetation 

structure (Brooker 1997; Li and Wu 2004; Wu 2004). Plants absorb, reflect and transmit 

electromagnetic radiation in a way that can be distinguished from anthropogenic or other 

natural features (Laidler et al. 2008). Their photosynthetic capabilities at the time of 

acquisition (e.g. seasonality, age, species, etc.) produce distinct radiance outputs that are 

detected by the Landsat sensor and translated into a specific DN value. The raw DN values 

are then transformed into RS thematic products representing various biophysical plant 

properties. A detailed discussion on the physiological components of plants and its 

relationship to RS is beyond the scope of this thesis. However, other works focusing on this 

topic has been completed by Chen et al. (2009b), Gerylo (2000), Gu et al. (2009), Hope et 

al. (1993), Kushida et al. (2009), Rees et al. (1998) and Riedel et al. (2005). 

 Two methods are frequently used to analyse vegetated landscapes with Landsat 

imagery: classification and change detection. Classifications are customarily produced for 

thematic-mapping purposes, which show the spatial distributions and reveal potential 

relationships of different land cover types (Walker et al. 1982). Change detection is the 

process of identifying differences in the state of a system by observing it at different time 

points (Singh 1989). Both techniques can be, and often are, used together within a single 

study. The last sections of this chapter will discuss each assessment type in more detail 

accompanied by Arctic case study examples.  
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Alaska. Mapping efforts in the NWT have been completed within the Keewatin district by 

Thompson et al. (1980) and along the Mills/Mink Lakes by Matthews (1991). The 

improvement of Landsat sensors and processing algorithms resulted in more accurate and 

detailed vegetation maps. For arctic vegetation, simple VI transformations were found to 

provide the strongest classification capability and accurate mapping products. Shrub 

distribution and density was investigated in Alaska by Selkowitz (2010), while Gerylo 

(2000) defined various forest properties (e.g. stand volume and age) within the southwest 

portion of the Taiga Plains, NWT using simple band ratios. A NDVI transformation was 

applied by Chen et al. (2009a), Gould (2000) and Laidler (2008) for the identification of 

high photosynthetically productive areas within the Canadian High Arctic. 

 Habitat mapping is another common use of vegetation-based classifications within 

Arctic environments. Muskox, bison and caribou habitat mapping has been conducted 

within the NWT (Ferguson 1991; Henry and Gunn 1991; Pearce 1991), the north eastern 

Québec-Labrador peninsula (Théau et al. 2005) and throughout Scandinavia (Colpaert et al. 

2003). Similar products have also been completed for shorebird niches within the NWT 

around the Mackenzie Delta (Gratto-Trevor 1996) and Foxe Basin (Morrison 1997), as well 

as northern Manitoba (Brook and Kenkel 2002; Gadallah and Csillag 2000).  

 Olthof et al. (2009) found a lack of commonality in land cover classes, which 

prohibits the opportunity to combine or incorporate multiple studies in order to expand 

either the temporal or spatial scale of an assessment. Furthermore, as many of these studies 

were done to produce habitat inventories and disturbance recovery models for use by 

government regulators and park authorities, the forecasting capabilities are limited to the 

boundaries of each specific assessment. Current mapping efforts are focussing more on the 

creation of a consistent thematic map for larger regions instead of isolated study areas. An 
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example is the Landsat-based land-cover map of the entire Canadian Arctic, circa 2000, by 

the Canadian Centre for Remote Sensing (CCRS). However, Olthof and Fraser (2007) and 

Olthof et al. (2009) state that even though the map will help unify ecological studies 

throughout the Canadian north, caution should be exercised when using the product 

because validation is still being conducted for many regions, particularly in the west.   

 

2.4.3 Change Detection 

The greatest strength of the Landsat program is the temporal database it has acquired over 

nearly four decades. Retrospective studies using satellite imagery have been identified as an 

important instrument for monitoring the dynamics of ecological change and as a basis upon 

which to develop future scenarios (Hill et al., 1995). Many of the classification maps 

discussed above have been incorporated in some capacity into a change-detection study. 

Before one conducts any type of change detection, the type of change to be investigated 

must be appropriate to the temporal density and change assessment technique of the data 

set used in the assessment (Huang et al. 2009; Kennedy et al. 2007). Furthermore, the type 

of change must be separable from the digital signals created by such factors as solar 

illumination, seasonality, atmospheric conditions or soil/background alterations (Chen et al. 

2005; Vierling et al. 1997).  

 Landscape-level alterations observable within tundra environments can be regarded 

as either abrupt (e.g. fire or anthropogenic alterations) or gradual (e.g. succession or post-

disturbance regeneration). Change-vector analysis is commonly applied to investigate 

sudden changes that have occurred within an area, while a trend-analysis technique does 

extremely well in the measurement of gradual vegetation change (Cohen and Goward 2004; 

Coppin et al. 2004; Huang et al. 2009). 
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2.4.3.1 Change vector analysis 

Bitemporal change detection is a straightforward change-vector technique used mostly for 

large disturbance-type events (Malila 1980). Change within an area over a specific time 

frame is calculated by subtracting the radiometric properties of two geometrically 

registered images (Coppin et al. 2004). This technique is appealing because of the small 

amount of image processing required in relation to the amount of information that can be 

gained. For more rudimentary change detection studies bi-temporal change detection is 

more than sufficient; however, the limited data input introduces a high degree of 

uncertainty within the thematic product. Determining true land-cover change from pseudo-

change and phenology using only image pairs is a large weakness of this type of technique 

because the resultant changes cannot be successfully separated from various signal-to-noise 

errors (Johnson and Kasischke 1998; Kennedy et al. 2010; Liu et al. 2007). 

 A majority of disturbance-based studies within the Circumpolar Arctic have been 

conducted using large temporally separated bitemporal change detection because of the 

limited amount of available imagery (Dey and Richards 1981; Ferguson 1991; Morrison 

1997; Tarnocai et al. 1976). Jano et al. (1998), for example, used bitemporal change 

detection to map goose foraging impacts in La Perouse Bay, Manitoba from 1984 to 1993. 

The authors delineated a general land-cover classification map (water, vegetation, no 

vegetation, etc.), but cautioned that although the method used was easily conducted, the 

interpretation was a challenge because the detected change did not represent any specific 

vegetation-based land cover type.  
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2.4.3.2 Trend analysis 

Trend analysis (also known as temporal-trajectory analysis) assesses changes within an area 

that have occurred on a more gradual temporal scale, and involves the use of multiple 

Landsat images. Temporal change between two time periods is assessed in relation to the 

same type of changes delineated across the entire dataset, making it relatable to a 

vegetation type, plant biophysical parameter or change agent (Hostert 2003; Röder et al. 

2008b). This technique should be used whenever possible in the Arctic because plant 

succession within these ecosystems is sometimes longer than the scope of many ecological 

studies, making it tricky to correctly assess and quantify any observed change (Brooker 

1997; Forbes et al. 2001; Hudson and Henry 2009; Lantz 2008; Wunderlich 2010).  

 Applications of Landsat-based trend analysis have been largely in the quantification 

and monitoring of vegetation disturbance caused by snow geese, caribou and reindeer 

(Colpaert et al. 2003; Ferguson 1991; Gadallah 2004; Henry and Gunn 1991; Nordberg and 

Allard 2002; Rees et al. 2003). To assess vegetation change in response to temperature 

within the taiga-tundra transition between 1986 and 2006, Olthof et al. (2008) transformed 

five images into NDVI and then used a rank-based regression trend analysis technique to 

correlate the change response over the 20 year period. Nordberg et al. (2002) applied 

similar methods in northern Sweden, using the changes of lichen cover as indicators for 

pollution migration and accumulation. 

 

2.4.3.3  LandTrendr - Landsat-based Detection of Trends in Disturbance and Recovery 

The release of the Landsat archive by the USGS has prompted a strong resurgence in 

Landsat-based vegetation assessments. Researchers now have a temporally rich dataset to 

design algorithms and calibration techniques to better utilise and manage large amounts of 
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Landsat imagery for ecological assessment. LandTrendr (Landsat-based Detection of 

Trends in Disturbance and Recovery) is a data analysis program designed to evaluate the 

spectral responses attributed to disturbance, recovery and stability simultaneously using 

change vector and trend analysis for each individual pixel within an image (Kennedy et al. 

2010). To date, LandTrendr has been primarily employed to reconstruct disturbance 

histories within national forests across the continental U.S. (Cohen et al. 2010; Kennedy et 

al. 2010; Thomas et al. 2011). Its utility for Arctic-based ecological assessments has also 

been recognised by both regional and federal agencies, but no publications are available 

yet. However, developers of the program have indicated the next step will be to apply 

LTSS to more northern ecoregions (Kennedy et al. 2010).  

 LandTrendr vectorises a plant-based biophysical property (e.g. NDVI, Normalised 

Burn Ratio: NBR and Tasseled Cap: TC) for every pixel within the scene over time 

(Kennedy et al. 2007). Change events are identified through statistical fitting rules which 

cause a redirection and slope change of the vectorised parameter, known as temporal 

segmentation. When the final series is assessed as a whole, the type, severity and duration 

of the change agent can be inferred. These results can then be transformed into a thematic 

product that outlines a specific attribute of the dataset. For example, oceanic storm events 

are inferred to have a negative impact on vegetation, causing a decrease in NDVI. The 

difference in NDVI values caused by a storm surge produce a directionally significant slope 

which can be attributed to the severity of the impact. The revegetation period can be 

estimated by calculating the time between a pre-disturbance vertex and a post-disturbance 

vertex of a similar NDVI value. A detailed description of the LandTrendr program can be 

found on the LandTrendr website hosted through Oregon State University 

(http://landtrendr.forestry.oregonstate.edu/) and in Kennedy et al. (2010).  
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Chapter Three: Study Area Characterisation and Field Data Collection 

 

The Mackenzie Delta is one of the most ecologically important deltaic systems within the 

Circumpolar Arctic (Gould et al. 2003; Nilsson et al. 1991; Walker 1998) (Figure 3-1). The 

warm nutrient-rich waters of the Mackenzie River support a freshwater wetland tundra 

ecosystem comprising vegetation found beyond its normal latitudinal limits (Cordes et al. 

1985; Macdonald and Yu 2006; Mackay 1963). This unique landscape has become key 

breeding and wintering habitat for ungulates (e.g. muskoxen (Ovibos moschatus), avian 

species (e.g. tundra swans, Olor columbianus), as well as resident fauna like muskrat 

(Ondatra zibethicus), moose (Alces alces) and polar bears (Ursus maritimus) (Forbes 2011; 

Gratto-Trevor 1996; Hirst et al. 1987; Kevan et al. 1995).   
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Figure 3-1: Location map of the Mackenzie Delta, NWT Canada. The inner/outer 
delta boundary (shown as a solid red line) is adapted from Mackay (1963) and 
geographical treeline (shown as a green dashed line) adapted from Timoney et al. 
(1992). The Kendall Island Bird Sanctuary (KIBS) is highlighted in yellow.  
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3.1 General landscape of the Mackenzie Delta, NWT Canada 

The modern Mackenzie Delta is distinct to that of its surroundings in the western 

continental Northwest Territories. Its geographical boundaries are contained within the 

glacially incised Mackenzie Trough, bordered by the Yukon Coastal Plain and Richardson 

Mountains to the west and the Tuktoyaktuk Coastal Plain and Caribou Hills to the east. The 

delta itself is a low-lying alluvial plain that begins at the confluence of the Mackenzie and 

Peel Rivers and extends 210 km north to the Beaufort Sea, covering over 13,000 km2 (Burn 

and Kokelj 2009; Lesack and Marsh 2010; Mackay 1963). Distinctive changes in elevation, 

hydrology and vegetation divide the delta into the inner delta and outer delta sub-regions 

(Figure 3-2) (Carson et al. 1999; Cordes et al. 1985; Ferguson and Marsh 1991; Hill et al. 

2001; Lesack and Marsh 2007; Mackay 1963; Pearce 1986) 

 The inner delta sub-region contains the highest elevations of 4.5 m to 15 m above 

a.s.l., a greater density of surface water bodies1 (15% - 50%, or an estimated 45,000) and a 

vegetation community composition of taiga (black and white spruce (Picea glauca and P. 

mariana), balsam poplar (Populus balsamifera) and an understory of various shrub species 

(e.g. Salix and Alnus)) (Gadallah and Csillag 1989; Hirst et al. 1987; Mackay 1963; Pearce 

1986; Squires et al. 2002). Within the outer delta sub-region, the taiga vegetation is 

replaced by tundra (dwarf shrubs (e.g. Salix), grasses (e.g. Poa.) and sedges (e.g. Carex)), 

surface-lake density decreases to less than 30% of total land cover and elevations of sea 

level to 4.5 m a.s.l are found (Cordes et al. 1985; Mackay 1963; Mouchot 1991; Pearce 

1986).  

                                                 

1 A water body is defined as a standing water feature with a surface area greater than or equal to 1,400 m2 (or 
0.14 ha) (Lesack and Marsh, 2010). 



25 

 

Figure 3-2: Aerial photography showing the physiographic sub-regions of the 
Mackenzie Delta, NWT Canada in July of 2010. Photo a) shows the inner delta sub-
region that is composed of taiga, with a vegetation community composition of mostly 
spruce and poplar. Photo b) is the outer delta sub-region and is composed of tundra, 
with a vegetation community composition of mostly dwarf willow, sedges and grasses. 
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3.2 Study area characteristics 

The study area is the three main alluvial islands of the Mackenzie Delta: Ellice Island, West 

Langley Island and Langley Island (Figure 3-3). It occupies 946 km2 of the outer 

Mackenzie Delta sub-region and extends from the Oliver Islands east to the Kendall Island 

Bird Sanctuary (KIBS) and south to the deviation of Middle Channel. The entire study area 

is a low-lying, vegetated estuary with elevations of less than 4.5 m above a.s.l. that is 

inundated annually by freshwater spring floods from the Mackenzie River and subject to 

periodic oceanic storm surges (Hill et al. 2001; Mackay 1963).  

   


































































































































































































































