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ABSTRACT
Remotely sensed data indicates that lake expansion north of Fort Providence,
Northwest Territories, is statistically significant, potentially contributing to wood bison
(Bison bison athabascae) migrating beyond the Mackenzie Bison Sanctuary. The
Mackenzie herd is one of the few remaining populations not infected by bovine
brucellosis (Brucella abortus) and tuberculosis (Mycobacterium bovis). Interaction with
nearby infected herds could introduce widespread infection.
Lake expansion is often driven by changes in climate, however climate records
for this region are lacking. Dendrochronology can be used to examine longer-term
climate. Climate was reconstructed using nine white spruce (Picea glauca) chronologies.
Correlations were highest between the chronologies and the Palmer Drought Severity
Index, which show climate variability has increased within the study area since 1915.
Remote sensing results correlate with positive phases of the July-October Pacific North
American pattern, however the freezing date of the active layer may provide a better
understanding of water level fluctuations.
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CHAPTER 1
1.1 Introduction
It has been well documented that anthropogenic activities have prompted a shift
in climate conditions for a wide array of global environmental patterns (Hegerl et al.,
2007). These effects are exaggerated in northern Canada (areas north of 60°N), where a
loss of snow cover has resulted in a positive feedback system (Christensen et al., 2007).
Between 1948 and 2005, mean annual air temperatures in northern Canada have
increased approximately 2.0°C, while Canada, as a whole, has warmed by an average of
1.2°C (Prowse et al., 2009). Such findings highlight the sensitivity of northern
environments, and the importance of reacting to an accelerated pace of change.
Lake area has dramatically increased in response to rising water levels in the
Mackenzie Bison Sanctuary (MBS), north of Fort Providence, NT. Bomblies et al. (2001)
observed that increases in lake level are driven by changes in the local climate. As a
relatively flat region, small deviations in hydrology have the potential to cause a
disproportionately large amount of change in the physical size of lakes. These changes
have significant ecological impacts on the plants and animals found in this area, killing
shoreline vegetation and grassland habitat which in turn influence the distribution of
animals such as moose (Alces alces) and wood bison (Bison bison athabascae);
(Environment and Natural Resources Government of the Northwest Territories [ENR
GNWT], 2010). Bison are important for maintaining the structure, composition, and
stability of plant and animal communities (Gates et al., 2010). The Mackenzie bison
herd, originating from a population base of 18 individuals, has thrived in the MBS. Still,
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there are significant challenges facing the survival of the Mackenzie herd, including
anthrax breakouts, mass drownings as a result of falling through ice covered lakes, loss
of habitat due to lake expansion, and the spread of tuberculosis and brucellosis. In order
to provide effective herd management, decision makers must understand if lake
expansion is part of a longer-term cycle or perhaps indicative of a new set of normal or
baseline conditions.
The objectives of this thesis are twofold: (1) to examine long-term climate
variability in the MBS to determine if shifting climatic conditions may be responsible for
recent lake expansion, and (2) to examine the spatial extent of lake expansion in the
MBS and determine if current lake surface area within the sanctuary is greater or less
than previous decades. The objectives will be explored through the development of
climatically sensitive tree ring chronologies from white spruce (Picea glauca) and jack
pine (Pinus banksiana) sites near Fort Providence, NT, and the analysis of remotely
sensed data. The dendrochronological analysis will be used to reconstruct past climate
for the Fort Providence region, helping to better understand the long-term climate
patterns for this region and allow recent trends to be examined over a much longer time
period than afforded by the short instrumental data available. This research will provide
important details about possible climatic drivers of recent lake level fluctuations in the
region, information which is critical to understanding changes in lake level and their
implications for bison habitat.

2

1.2 Thesis structure
This thesis will be organized as follows: Chapter 1 has provided a brief
introduction to the research topic. Chapter 2 provides a literature review in relation to
the Mackenzie bison population and applications of remote sensing and
dendroclimatology in related studies. Chapter 3 offers an overview of the study area, as
well as a description of the methods employed for this study. Chapter 4 presents the
results of the analyses, while the discussion of results in regards to their respective foci
are presented in Chapter 5. Chapter 6 summarizes the major conclusions of the study
and suggests avenues for future research in this region.
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CHAPTER 2
LITERATURE REVIEW
2.1 The Mackenzie Bison Herd
Wood bison, listed as a threatened species under the Species at Risk Act (SARA)
and the Committee on the Status of Endangered Wildlife in Canada (COSEWIC), are an
important natural resource. Thought to have originally existed in numbers as great as
150,000 in 1800, wood bison succumbed to the pressure of hunting, predation, and
disease, dropping to an estimated 250 individuals by 1891 (ENR GNWT, 2010).
Additional stressors, such as interbreeding between transported plains bison (Bison
bison bison) and wood bison threatened to eliminate the wood bison species altogether
(Parks Canada, 2012). However, in 1959 a herd of 18 isolated wood bison were found
within a remote area of Wood Buffalo National Park (WBNP). These bison were
subsequently transferred to the MBS where their numbers have grown (ENR GNWT,
2010). Until recently, the MBS herd was the largest free-ranging bison population in
Canada that remained free of tuberculosis and bovine brucellosis. An early 2008
population survey estimated roughly 1600 individuals existed (ENR GNWT, 2010).
Unfortunately, a particularly devastating anthrax outbreak occurred that summer, killing
at least 440 bison over an 8-week period (Government of the Northwest Territories
[GNWT], 2012). Recovery efforts for this threatened species have been restricted due to
the proximity of diseased herds and the continued threat of interbreeding by plains
bison, cattle, and domesticated bison (ENR GNWT, 2010). The following examines the
ecological and economic significance of wood bison, specifically of those found in the
MBS population.
4

2.1.1 Disease Control
Tuberculosis and brucellosis are cattle diseases that can infect mammals of all
forms, including humans. A number of bison populations surrounding the MBS are
infected with these diseases (Figure 2.1), the prevalence of which has not declined in
the last 40 years (GNWT, 2012). Interaction between these herds could introduce
widespread infection in the Mackenzie Bison herd, adding a further population stressor.
Preventing the spread of these diseases is considered to be one of the highest priorities
of the bison conservation effort (Strong and Gates, 2009). The infection threat not only
restricts the MBS range, but also represents an avenue for widespread contamination
within the MBS and beyond (Tessaro et al., 1992). These diseases lead to numerous
health-related complications for bison, including death, but the most widespread effects
“may be related to immune function, energy balance or reduced reproduction, which
can lower bison population growth rates” (ENR GNWT, 2010, p. 7). Modelling suggests
that a combination of brucellosis, tuberculosis, and predation are the likely drivers of
population change in WBNP from 1970 to 1999, where populations have dwindled from
over 10,000 individuals to 2,200 (Joly and Messier, 2004).
2.1.2 Economic Impacts
The risk of contact and spread of disease by displaced MBS herds also has the
potential to cause economic losses through indirect means. For example, the Canadian
beef industry, which exports an estimated 2.2 billion dollars of product annually (CBC
News, 2006), could suffer massive financial losses with the introduction of tuberculosis
or brucellosis from bison contact. If these diseases are d etected in livestock, the
5

1 cm equals ~50 km

Figure 2.1. Location of the Mackenzie bison herd and nearby herds in the Northwest
Territories, Yukon Territory, and Alberta. Herds depicted by green shading represent
ranges of disease-free wood bison while those in red are wood bison herds with
confirmed bovine brucellosis and tuberculosis. The yellow shaded region represents
the Bison Control area where bison movement is not permitted so disease-free and
diseased animals do not come in contact with one another. Map from ENR GNWT,
2011.
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Canadian Food Inspection Agency must be notified immediately, and the infected cattle
destroyed. News of infection in even a single cow in the Canadian cattle industry could
result in the boycott of Canadian livestock and associated products, as was experienced
in 2003 with the discovery of bovine spongiform encephalopathy (BSE, otherwise known
as mad cow disease; ENR GNWT, 2010). Between 2003 and 2005, the government was
forced to provide close to 2 billion dollars in relief funding for cattle farmers affected by
BSE (CBC News, 2006).
Additionally, a strong bison population allows for potential economic benefits
such as tourism and outfitting in local communities (ENR GNWT, 2010). Risk of bison
infection and/or migration could reduce these economic opportunities.
2.1.3 Ecological Diversity
Subspecies diversity provides genetic, behavioural, and morphological variation,
which in turn enhances biodiversity and evolutionary potential for bison as a whole
(Gates et al., 2010). It is therefore important to manage bison herds in a way that
minimizes contact between wood bison and other potential genetic threats, such as
interbreeding with plains bison or cattle.
There are several distinguishing features between wood bison and plains bison.
Although wood bison are typically larger, they do not appear as such due to a lack of
chaps and a small neck mane (Figure 2.2). Furthermore, the highest point of the hump
on a wood bison is well forward of the front legs, whereas the hump of a plains bison is
directly over the front legs (Parks Canada, 2009).

7

Figure 2.2. A wood bison bull (top) and plains bison bull (bottom). Top image by P.
deMontigny, bottom image from Gates et al. (2010).
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2.2 Remotely sensed data
It is important to consider how the landscape has changed in order to
understand potential pressures on the Mackenzie bison herd. The Mackenzie herd is
relatively dense, at an overall density of 0.2 bison/km2 compared to 0.05 bison/km2 in
WBNP (Gates and Larter, 1990). It has been observed that the primary motivation for
MBS herd movement is in response to bison density increases, with a calculated critical
value of 0.5-0.8 bison/km2 (Gates and Larter, 1990). As more land is inundated by
expanding lakes, the loss of habitat increases density and makes the Mackenzie herd a
more likely candidate to travel to/through the Bison Control Area, a patrolled buffer
zone separating the Mackenzie herd from diseased herds in WBNP. There is clear
evidence of expanding lakes, such as a submerged boat launch road leading to Caen
Lake (Figure 2.3), and, although remote sensing results exist for a limited number of
individual lakes (van der Wielen, 2012) as well as all of Canada at coarse scale (250 m x
250 m pixels; Carroll et al., 2011), to what extent the phenomena occurs regionally, or
even if these changes are statistically significant remains largely unknown. Remote
sensing technology allows for measurement of historic lake levels, providing the
opportunity to put recent landscape changes into context.
2.2.1 Imagery acquisition
The availability of remotely sensed data continues to grow as sensor design and
rocket technology improves and affordability increases (Gao, 2009). There are multiple
satellite platforms to choose from, each providing a combination of unique and

9

A

Figure 2.3. Submerged boat launch at Caen Lake (see Figure 3.6 for the location of Caen
Lake). Evidence of the boat launch extends a few metres beyond the edge of the
vegetation (Point A). Photo by P. deMontigny.
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redundant features. The perceived advantages and disadvantages vary from one user to
the next and are dependent on the project at hand. It is therefore important to first
establish which attributes are essential to the project in considering which data to use
(Gao, 2009). Spatial coverage and temporal resolution are common priority factors in
the data selection process. Additionally, cost, data storage size, and processing times
are also typically considered (Gao, 2009). LANDSAT 5 Thematic Mapper (TM) was
chosen as the best option for this project, as it addressed the most essential factors.
This imagery dates back to 1984, cycles on a 16-day period, and is free to access via the
United

States

Geological

Survey

(USGS)

Earth

Explorer

website

(http://earthexplorer.usgs.gov/). Additionally, the 30m pixel size, although of coarse
resolution, translates into a manageable database, both in terms of storage memory
and processing efficiency.
In order to make accurate conclusions concerning multi-year environmental
changes, it is important to eliminate seasonal variation (Anderson and Milton, 2006). A
consistent and purposeful time period limits the impact of seasonal trends and allows
for a measurement of true change. LANDSAT 5 TM is a passive sensor, measuring the
natural radiation reflected by land surfaces. The presence of snow greatly impacts
passive data collection, not only in high snow conditions where land features are
shielded, but also in low snow conditions where the spectral signature of the image is
affected (Jin et al., 2002). As such, images with snow are to be avoided. Furthermore, in
northern Canada, evaporation has a strong effect on summer lake levels (Marsh and
Bigras, 1988), and higher air temperatures are generally associated with an increase in
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evaporation (Arnell et al., 2001). To avoid the greatest potential influence of summer
temperatures, albeit using this over-simplified understanding of lake modelling,
September, with an average maximum temperature of 13.2°C, was subjectively chosen
to minimize influences of evaporation and snowfall.
2.2.2 Imagery correction
LANDSAT 5 TM data needs to be geometrically rectified to correct for distortions
which are inherent to all satellite sensors. The rotation and curvature of the Earth
results in a skewed image, as does off-nadir distortion, scanning mirror inconsistency,
and shifted sensor position/orientation (Gao, 2009). Ground Control Points (GCPs) are
used to match features on the imagery with the corresponding real world coordinates of
those features. The USGS applies pre-processing to all downloaded imagery; files are
corrected to Standard Terrain Correction Level 1T, using the Level 1 Product Generation
System (LPGS). A range of 1,847 to 2,771 automated GCPs are integrated into the
imagery for this project, with a root-mean-square error (RMSE) range of 0.103 to 0.199
pixels. RMSE is an accuracy indicator of the GCPs used, and while no true minimum
threshold exists, a RMSE limit of one pixel is typically enforced (Gao, 2009). It was
decided that image orthorectifcation was not needed due to the nature of the
landscape (relatively flat) and the simplified land cover analysis (two classes: water and
land). This is an acceptable standard for coarse or medium resolution satellite imagery
analysis when a shift in topographic relief is considered minimal (Gao, 2009).
In addition to the positional corrections applied by the USGS, there is still a
significant amount of correction that the user must undertake (Gupta, 2003). For
12

example, although LANDSAT 5 TM imagery is geometrically corrected using GCPs, an
accuracy error of up to 250 metres (equivalent to the length of approximately 8 pixels)
may exist for low-relief areas and must be dealt with accordingly (Gao, 2009).
Additionally, LANDSAT 5 TM captures information simultaneously through the use of
sixteen detectors, introducing the possibility that each detector may record slight
differences in radiometric signal. This can lead to striping in the image, and is described
by Chander et al. (2004, p. 2749) as the “most significant radiometric artifact observed
in all of the LANDSAT imaging sensors”.
Clouds and haze must also be accounted for, as the presence of these features
can impact the accuracy of land cover classification dramatically (Kaufman, 1987).
Furthermore, images must be radiometrically calibrated. LANDSAT 5 TM stores data as a
digital number, a relative value based on the theoretical range of pixel values, ranging
between 0 (no radiation) and 255 (maximum radiation). Digital numbers are converted
to at-sensor radiance measurements by the user with the aid of gain and bias rescaling
values supplied in lookup tables (such as is provided in Chander et al., 2009). This
process accounts for calibration error, and, although LANDSAT 5 TM was equipped with
an internal calibrator to correct for radiometric changes, it was later discovered that
calibration values had errors of up to 15% (Chander et al., 2009). Gain and bias rescaling
values greatly improve calibration results when used with the digital number to radiance
equation. In addition to calibrating data, digital number values are also converted to
physical absolute units of spectral radiance (W∙m-2∙sr-1∙µm-1). The at-sensor radiance is
then used to compute a top of atmosphere reflectance value, which helps calibrate for
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differences in sun angle, ground surface irradiance, and Earth-Sun distance (Chander et
al., 2009).
2.2.3 Land classification
While LANDSAT 5 TM provides the best opportunity to examine the study area
over time, the 30m x 30m pixel resolution limits the classification accuracy of a
traditional pixel based analysis. Traditional pixel classification schemes, such as
Maximum Likelihood or Minimum Distance Classifiers, label pixels as a distinct class,
allowing for only one classification type per pixel. These results, often referred to as
crisp pixels, ignore the reality that real world land cover types are rarely pure. This is
especially relevant at the 30m x 30m scale of LANDSAT 5 TM, where the assumption of
pure pixels is likely inappropriate for most situations (Zhang and Foody, 1998). The
implementation of more advanced remote sensing techniques is therefore required in
order to reliably determine lake area change. Fuzzy classification is advantageous in this
scenario as it provides “more information and potentially a more accurate result,
especially for coarse spatial resolution.” (Lu and Weng, 2007). Fuzzy logic was first
introduced by Zadeh (1965) to deal with situations of partial truth. Fuzzy classification
allows for a single pixel to be labelled to multiple classes, producing a separate
membership grade for each class (for example, a pixel can have a membership of 0.2 for
water, 0.4 for forest, and 0.4 for bedrock).
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2.2.4 Accuracy assessment
No classification process derived from remote sensing imagery, including fuzzy
classification, is error free, as there are a wide variety of potential error sources (Okeke
and Karnieli, 2006). Therefore, it is important to report the level of accuracy for image
classification results, quantifying the quality of the classification. It should be noted that
accuracy refers to the agreement between reference data samples and classification
results, and is not necessarily a measure of ground truth conditions (Foody, 2002).
Although fuzzy logic is often applied to land classification studies, little attention has
been given to accuracy assessment. This has led to a significant number of studies which
have incorrectly applied traditional methods to report accuracy values (Gao, 2009).
Traditional measures of accuracy are designed to be used specifically with crisp data and
are not appropriate for mixed pixels (Zhang and Foody, 1998). Conversely, in order to
apply fuzzy membership algorithms, reference data must also be fuzzy. Unfortunately,
fuzzy reference data are not always feasible or possible, especially for studies examining
historical imagery (Okeke and Karnieli, 2006). Foody (1999) and Okeke and Karnieli
(2006) note that when fuzzy ground truth data are unavailable, it is appropriate to
examine only those pixels which are pure (crisp) or have a strong association to one land
cover type. These pixels are selected as potential evaluation pixels and are transformed
to crisp values through defuzzification. The classification data, also transformed to crisp
values in order to support interpretation and visualisation (Gao, 2009), allows for an
error matrix to be compiled with traditional assumptions. Although there are
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disadvantages associated with this method, particularly the availability of pure pixels, it
ensures data conform to assumptions necessary for meaningful analysis.
There are four commonly reported components of accuracy assessment:
producer’s accuracy, user’s accuracy, overall accuracy, and the Kappa statistic.
Producer’s accuracy (1 - error of omission) is the probability that a reference pixel has
been correctly classified, whereas user’s accuracy (1 - error of commission) is the
probability that a classified pixel represents the correct class (Liu et al., 2007). Overall
accuracy is computed by dividing the number of correct pixels by the total number of
pixels. The Kappa value (K) is a measure of classification accuracy after removing chance
agreement (Liu et al., 2007). Kappa values range from 1.0 (100% more effective than
random assignment) to 0.0 (no improvement over random assignment).
The Mann-Kendall test statistic (Equation 2.1; Mann, 1945; Kendall, 1975) is
often applied to environmental studies to assess trend (Zhang et al, 2011) and is
recommended for general use by the World Meteorological Organization. Schlagel and
Newton (1996) highlight two main advantages of the Mann-Kendall test; first, it is nonparametric, so data do not need to be normally distributed, and second, results are
minimally impacted if gaps or outliers exist in the data series. Kendall’s tau (τ) is a
measure of correlation comparing the ranking of a data point and its relation to an
increase in time (Hamed, 2008). A higher Kendall’s tau value indicates a greater
correlation between time and the response variable.
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(Eq. 2.1)

where

and

are two subsets of data where i = 1, 2, …, n and j = i+1, i+2, …, n. Each

data value is then compared with the remaining data values. If a data value from a later
time period is higher (lower) than a data value from an earlier time period, S increases
(decreases) by 1. The net result determines S (Karmeshu, 2012).
In cases where n ≥ 10, Mann-Kendall is assumed to be normally distributed,
allowing variance to be calculated from measured values as opposed to theoretical
distributions (Drapela and Drapelova, 2011). A z-score and p-value are then calculated.
The Mann-Kendall test only indicates if a trend exists, not the magnitude of change.
Unfortunately, while the Sen’s slope statistic does provide a physical measure of change
per unit time, data need to be equally spaced in time (Sen, 1968). As a result, only the
relative trend will be examined for this study.
2.3 Records of climate variability
Although remote sensing analysis provides insight into the recent history of lake
levels, the root causes for the observed changes are still difficult to ascertain from visual
sources alone. Climate data are often used to determine the influential variables of
environmental phenomena, while also providing a longer record of observation than
afforded by remote sensing. A longer record is more likely to capture a greater range of
variability of conditions, allowing for more informed conclusions to be made. Lake levels
in North America typically correlate well with large atmospheric patterns such as the
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Arctic Oscillation (AO), Pacific Decadal Oscillation (PDO), and the Pacific/North American
(PNA) pattern (Gibson et al., 2006; Leira and Cantonati, 2008; Wiles et al., 2009).
The AO is a normalized index which measures atmospheric pressures associated
with winds north of 20°N latitude. In positive phases of the AO, strong winds confine
cold polar air to arctic regions (roughly 55°N), whereas negative phases allow cold air to
flow south, resulting in large storms in mid-latitude regions (National Weather Service,
2005).
The PDO is an index which examines temperature and pressure anomalies of the
North Pacific Ocean, similar to El Nino/Southern Oscillation (ENSO), but with two
defining features: the PDO events can last 20-30 years (as opposed to 6-18 months for
ENSO), and the PDO primarily affects North America, followed by secondary effects in
the tropics (opposite of ENSO). Positive phases result in warmer and drier conditions in
northwestern North America, while negative phases are linked to cooler and wetter
conditions (Mantua and Hare, 2002).
PNA values, also reported as a normalized index, use 1981-2010 data as a
baseline reference (National Weather Service, 2012). In positive phases of PNA, an
atmospheric ridge develops across western North America, allowing warm, moist
maritime air to move further north while deflecting “moisture-bearing cyclonic systems
from the Pacific” (Trouet and Taylor, 2009). This results in above average temperatures
and below average precipitation in northwest North America (Sheridan, 2003). At the
same time, a trough develops in eastern North America, forcing polar air southward,
creating wetter and cooler conditions. The opposite occurs in negative phases of PNA
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(Climate Prediction Center Internet Team, 2012; Figure 2.4). These modes of
atmospheric variability impact air mass movement, driving air temperature, storm
patterns, precipitation, and evaporation regimes, all of which are important factors in
the hemispheric climate and regulation of water bodies (Labrecque et al., 2009).
Unfortunately, records of these large scale climate systems are temporally short,
limiting analysis opportunities.
2.4 Dendroclimatology
In place of instrumental or remotely sensed records, proxy data sources can be
used to reconstruct past climatic conditions. Dendrochronology is a scientific discipline
which uses tree rings to obtain calendar dates of specific phenomenon through the
cross-dating of common growth patterns in tree ring series, including the pattern of
wide and narrow growth rings. A key sub-field of this discipline is dendroclimatology.
Dendroclimatology examines the link between tree ring growth and the climate in a
specific area.
Tree ring data, through the use of numerous samples collected from multiple
sites, can be used to identify regional scale variability (Gunnarson, 2001). These proxy
reconstructions can accurately represent hydrologic phenomena, allowing investigations
of past environmental variables that are not generally available through historical
climate data (Landwehr, 1986; Liu et al., 2010). Among the many factors that can
influence the growth of trees, precipitation and temperature are two of the most
important aspects. These factors can also have a great influence on the water table and
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Pressure (millibars)
Pressure (millibars)
Figure 2.4. Postive (top) and negative (bottom) phases of the Pacific North American
(PNA) pattern. Colours indicate pressure, with PNA index values specified at the
bottom of each image. PNA index values are relative to 1981-2010 normals. Image
from National Weather Service Forecast Office (2009).
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other hydrologic properties which can impact lake levels. On the landscape,
precipitation directly influences the water balance and provides runoff, while
temperature indirectly alters hydrology by influencing runoff and evaporation
properties (Quinn, 2006). As such, significant changes in precipitation and temperature
regulate both tree growth and lake levels, providing an indirect record of past
hydrological conditions through tree-ring analysis (Begin, 2001).
2.5 Principles of Dendroclimatology
In his seminal book “Tree Rings and Climate”, Harold C. Fritts (1976) outlines
several key principles utilized in dendroclimatological research. These principles are
widely accepted and employed in the field of dendrochronology (Martinelli, 2004;
Speer, 2010). The following describes the principles outlined by Fritts (1976), which are
used as the theoretical framework for this project.
2.5.1 Uniformitarian Principle
The first of these principles is the Uniformitarian Principle. This principle
indicates that the processes which influenced the past are the same processes which
influence the present. As noted by Fritts (1976), this does not necessarily mean that
past climates were the same as present day, but that the same type of relations are
assumed to be constant (i.e., the types of weather patterns which exist today are
assumed to have been in existence in the past).
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2.5.2 Principle of Limiting Factors
The Principle of Limiting Factors is the foundation of dendrochronology; it is only
possible to crossdate tree rings if a limiting environmental factor exists. The factor must
be present for a long period of time and influence a large enough geographic area so as
to influence multiple trees in a similar manner (Fritts, 1976). A biological process, such
as the growth of tree-rings, cannot proceed faster than the constraints placed upon it by
the most limiting factor (Fritts, 1976). A factor may at first be limiting, but become less
important as conditions change. If conditions change significantly, and the limiting
factor no longer becomes important, the biological process will increase until a new
limiting factor is placed upon it. For example, Porter and Pisaric (2011) found that all
sampled sites in Old Crow Flats, Yukon, exhibited a positive response to summer
temperatures prior to 1950, but the climate-growth response at some sites changed to a
negative relation between tree growth and summer temperature after 1950. It is
assumed that the variation in the tree ring widths is caused by limiting factors which can
be readily identified. However, one must be careful not to assume that growth factors
are static for a single sample.
2.5.3 Ecological Amplitude
Ecological Amplitude is the third principle presented by Fritts (1976). The
assumption is that the sensitivity of species will increase as one moves closer to the
margin of a species’ natural range, thus limiting factors will be more evident under such
conditions. This principle is why many dendrochronological studies are conducted near
the growth margins of a species (Begin, 2001; Büntgen et al., 2005) where the stress
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imparted by limiting factors will be most significant, such as along the northern treeline
in Canada.
2.5.4 Selective sampling and site selection
The final principle is that of selective sampling and site selection. A tree whose
growth is limited by a particular growth factor is more prone to produce variable ring
widths than trees with complacent ring widths. Variable ring widths provide more
climate variability information. Proper site selection can help to maximize the signal
contained in tree ring records by sampling sites where limiting factors are most
important. For example, trees growing on steep slopes with thin soils are likely to be
limited with respect to precipitation because the thin soils retain little moisture and the
steep slopes encourage precipitation to move rapidly downslope.

Conversely, on

relatively flat sites, soils tend to be much deeper and moisture is more abundant. Thus,
trees growing in such environments often have complacent growth with similarly sized
tree rings from one year to the next (Figure 2.5). Fritts (1976) further explains that
sampling should be constrained to a particular species in order to minimize genetic
differences. This sampling strategy appears to be contrary to normal statistical assumptions,
which typically require a completely random approach, however Lamarche et al. (1982)
argue that it is important to choose the specific site and the trees within it, so that all
sampled trees will have the same or similar climate signals. Furthermore, fieldwork and
laboratory analysis are often expensive and time consuming, requiring that information
be extracted as efficiently as possible.
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Figure 2.5. The tree on flat terrain (left) has reliable access to water and is therefore
more likely to produce complacent ring widths. At right, the sloped landscape promotes
runoff and restricts water availability to the tree, producing sensitive ring widths. Image
from Speer (2010).
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2.6 Dendrochronology
Fritts (1976) describes in detail appropriate sampling and analysis methods.
Many of these methods are adapted from Stokes and Smiley (1968). Tree samples are
typically collected with an increment corer (a hollow tube with a drill bit head) which
extracts a small sample of wood roughly the diameter of a drinking straw (Figure 2.6).
When sampling, there are external clues which may help to indicate the relative age of
trees and the variability of ring widths by observing the structure and form of the
tree. Fritts (1976) observed that older trees exhibited features which proved to be
good indicators of age, such as a “gnarled snag top from which all small branches have
disappeared”. This is in agreement with the characteristics Schulman (1956) had
previously described as being common to many different species of conifers. Fritts
(1976) recommends two radii per tree be sampled from at least 20 trees in order to
maximize the climate signal and reduce individual tree anomalies. There are often
problematic samples however, such as cores with questionable dating, which may have
to be excluded from the final analysis (Fritts, 1976). Having an excess of sample cores
allows for problematic cores to be removed when needed. The collection of 30 trees per
site is thought to ensure enough samples are available for the final model.
2.6.1 Standardization and the creation of tree ring indices
Trees display a natural decline of ring width over time, a pattern known as the
biological growth trend. As trees age they add yearly growth around an ever increasing
trunk size, leading to narrower rings that are simply the result of the biological growth
trend and not due to climatic factors. This age related trend must be removed. This can
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Figure 2.6. A tree sample, partially concealed by a drinking straw, beside a pre-grooved
wood core mount. Photo by P. deMontigny.
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be accomplished in a number of ways, but no matter the method, allows for younger,
fast growing portions of a tree to be made comparable to older, slower growing
portions of the tree (Fritts, 1976). Tree ring measurements are also transformed into
dimensionless units during standardization, called tree ring indices, which allow for a
better comparison across sample sites than raw measurements do.
Tree ring indices are then tested to determine if ring width patterns correlate
with climate variables, and, if such a relation exists, the indices can then be used to
develop a model based on this relation. With a model in place, recorded climate
measurements are replaced by the predicted values, and a comparison done to assess
the quality of the model. There are many statistical measures for calibrating and
validating a tree ring climate reconstruction, including the correlation coefficient (r),
coefficient of determination (r2), and adjusted coefficient of determination (r2adj). These
statistics, used extensively in sciences, compare the linear regressions of the
reconstructed climate values and known instrumental records. In addition to reporting
these common measures, statistics specific to dendroclimatological analysis will also be
used in this study; the sign test (ST; Equation 2.2), the reduction of error (RE; Equation
2.3) and the coefficient of efficiency (CE; Equation 2.4) are three such measures.
(Eq. 2.2)

]

(Eq. 2.3)

]

(Eq. 2.4)
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where

is the first-differences of each series,

estimated value,

is one of n measured values,

is the

is the mean of the measured values in the calibration period, and

is the mean of the measured values in the verification period.
2.6.2 Sign test
The ST is a non-parametric test which is also popular due to its simplicity. It
indicates if the general trend between the reconstructed and the measured data is
comparable. The ST only measures if values change in a similar manner from the mean,
not the magnitude of change. For example, if both reconstructed and actual recorded
temperature values indicate warming compared to the mean, then that year would be
in agreement. Sign tests for each year are tallied, and if the number of agreements is
greater than the number of disagreements (by more than would be expected by chance
alone), then the reconstruction will be considered reliable to some degree.
2.6.3 Reduction of Error and Coefficient of Efficiency
A split period calibration-validation procedure is used to calculate RE and CE
values. Here, the model is assessed by comparing the relation between modeled values
and actual recorded instrumental values. A portion of instrumental data, usually half, is
used to calibrate the reconstructed values. The calibration/validation periods are then
reversed, and the process is repeated. Output values of RE and CE are measures of
shared variance between the actual and modelled series, essentially a test to determine
if the model has predictive skill (Meko, 2011). Predicted values (validation) are
compared to the mean of the instrumental record (calibration), producing the RE value.
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The equation is very similar to a coefficient of determination equation, but can range
from – ∞ to +1 (as opposed to -1 to +1). Meko (2011) notes that the much larger range
for RE suggests that a RE value close to the r2 value is evidence of validation. Similarly,
Cook et al. (1994) and Mann et al. (1998) propose that if the model provides a better
prediction of climate compared to just applying an average, RE and CE will be positive,
and a stronger climate reconstruction can be presented. Of the three measures, ST and
CE are the most rigorous tests (Cook et al., 1994). While CE also compares predicted
values to the mean of the instrumental record and ranges from – ∞ to +1, the
“difference between the RE and CE lies in the denominator. Although this difference
appears to be trivial, in fact large differences in the RE and CE can occur” (Cook et al.
1994, p. 402). The ST, RE, and CE are commonly reported in the dendroclimatological
literature, and appear to be a useful measurement of calibration and validation.
2.7 Northern dendrohydrology and dendroclimatology
Dendroclimatology has been used in multiple regions and climatological
applications (Case and MacDonald, 1995; Büntgen et al., 2005; Cook et al., 2007). In
northern Canada, recent interest in the region has resulted in the development of
multiple dendroclimatological reconstructions. For example, Pisaric et al. (2009) used
twelve jack pine sites to develop a 325-year (1680-2005, statistically robust from 18192005) June precipitation record for the Yellowknife area, extending the previous
precipitation record by ~260 years. Results correlated well with other North American
dendroclimatological studies and large scale atmospheric patterns, showing the mid20th century as the longest sustained period of dry conditions. Youngblut and Luckman
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(2008) reconstructed maximum June-July temperatures from 1684–1995 for
southwestern Yukon using seven white spruce chronologies, with the mid-1900’s
encompassing some of the warmest temperatures of the reconstruction. June-July
temperatures were found to be 0.49°C warmer in the 20th century than the 1684-1899
average. Meko (2006) studied eight white spruce sites as well as 46 other tree ring
chronologies obtained from the International Tree Ring Data Bank (ITRDB), to
reconstruct water levels for Lake Athabasca. Lake levels were determined by comparing
tree ring widths to known lake levels and running a principal component analysis. The
statistically significant relation between white spruce growth and water levels in the
Peace Athabasca Delta allowed for Lake Athabasca water levels to be extended back to
1801, revealing 1890 as the year of lowest reconstructed water levels. The success of
these studies suggests that it is likely possible to reconstruct climate for the Fort
Providence region and establish a relation to lake expansion.
2.8 Palmer Drought Severity Index
Previous work completed in the Fort Providence region (deMontigny and Pisaric,
2011) indicated a significant correlation existed between tree growth and the Palmer
Drought Severity Index (PDSI; Palmer, 1965). PDSI is a climate index designed to
measure the intensity, duration, and spatial extent of drought (Shabbar and Skinner,
2004). Computing PDSI is a multi-step process; the following explanation is derived from
Wells et al. (2004). PDSI is calculated monthly, using evapotranspiration (ET), recharge
(R), runoff (RO), loss (L), potential evapotranspiration (PE), potential recharge (PR),
potential runoff (PRO), and potential loss (PL). The four potential values are weighted
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using local climate data (Equation 2.5 – 2.8) to derive Climatically Appropriate for
Existing Conditions (CAFEC) values for PE (αi), PR (βi), PRO (γi), and PL (δi)

(Eq. 2.5)

(Eq. 2.6)

(Eq. 2.7)

(Eq. 2.8)

where i is the month and the top bar indicates an average value. For example, the
average evapotranspiration for January (Equation 2.9) would be calculated as

̅

∑

(Eq. 2.9)

The CAFEC values are then combined to determine CAFEC precipitation, Ṗ
(Equation 2.10), which indicates the amount of precipitation needed to maintain a
normal soil moisture level.

(Eq. 2.10)

The difference between the CAFEC precipitation value and the actual amount of
precipitation that fell in a given month (P) is calculated, providing a measure of moisture
departure (d; Equation 2.11).
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(Eq. 2.11)

As d will be dependent on local conditions, comparisons across varying temporal
and spatial scales become problematic. Palmer (1965) developed PDSI to examine
drought conditions in Kansas and Iowa, regions in which soil properties differ
significantly in certain aspects (i.e., potential run off; Palmer, 1965). As a result,
measurements are normalized, allowing for comparison between locations. To
normalize values, a climatic characteristic, K (refined from Ḱ), is used to weight d
(Equations 2.12 and 2.13),

̅̅̅̅̅̅

(

̅̅̅̅ ̅̅̅̅̅̅
̅̅̅̅ ̅̅̅

̅̅̅

∑

̅

)

(Eq. 2.12)

(Eq. 2.13)

where ̅ is the average moisture departure for the given month, and the value of 17.67
is a constant derived by Palmer (1965) from data of nine locations across seven states.
The climatic characteristic (K) is then used to calculate a moisture anomaly index (Z;
Equation 2.14), which makes it possible to compare PDSI both temporally and spatially.

(Eq. 2.14)
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Finally, a monthly PDSI value can be calculated to indicate climatic conditions
(Equation 2.15)
(Eq. 2.15)

is the PDSI value for time period t, and

where

is the moisture anomaly index

for time period t, independent of past months data. Conditions must be evaluated over
months/seasons to allow for proper assessment of abnormal dry or wet environments
(Shabbar and Skinner, 2004).
PDSI values have been developed for much of North America by Cook et al.
(2007) and the data are freely available through the North American drought atlas
(http://iridl.ldeo.columbia.edu/SOURCES/.LDEO/.TRL/.NADA2004/.pdsi-atlas.html). Grid
point 49 (62°.5’ N, 117°.5 W) and grid point 50 (117°.5’ W, 60°.0’ N) were the two data
points nearest to the study sites used in deMontigny and Pisaric (2011). Although
correlations were highest between the tree ring chronologies and PDSI in the study by
deMontigny and Pisaric (2011), the climate-growth relationship was convoluted in
recent decades as the trees sampled in that study became submerged by rising
water levels (Figure 2.7). As a result, sample sites situated in areas unaffected by rising
lake levels were sought for this study, to ensure a more dependable climatic
relationship.
2.9 Atmospheric circulation patterns
Sea surface temperatures, typically examined as a deviation from normal
conditions (called sea surface temperature anomalies; SSTAs), have been used to
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Figure 2.7. Results from deMontigny and Pisaric (2011). PDSI values (blue) compared
to the black spruce regional chronology (red).
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successfully predict regional precipitation and temperature (Colman and Davey, 2003).
The Hadley Centre Sea Surface Temperature version two dataset (HadSST2)
provides monthly SSTA values extending from 1850-present within a 5° latitude x 5°
longitude global grid. Anomalies are relative to the 1961-1990 climate normal. Unlike
many SSTA datasets, HadSST2 data are not interpolated, but are checked for quality and
bias (Rayner et al., 2006). SSTs also impact atmospheric patterns such as the previously
mentioned AO, PDO, and the PNA pattern, all of which will be consequently examined
for this project.
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CHAPTER 3
STUDY AREA AND METHODS
3.1 Study area
The study region is located within the Great Slave Plain High Boreal and Great
Slave Lowland Mid-Boreal Level IV Ecoregions (Ecosystem Classification Group [ECG],
2007). Situated in a discontinuous permafrost zone, the terrain is flat, with minimal
topographic variability throughout the landscape. Elevation ranges between 125 and
300 m a.s.l. (ECG, 2007), with highest elevations occurring in the northern half of the
study area. There are thousands of small and shallow lakes surrounded by black spruce
(Picea mariana) forest. White spruce and jack pine stands are present on well-drained
sites (ECG, 2007).
3.1.1 Geology
There are two main top layer subsurface geologic formations which encompass
the majority of the MBS: the Hay River Formation and the Horn River Formation (Figure
3.1). Both are remnants from the Paleozoic Era, specifically the Devonian Period (~416360 mya; Douglas, 1974; Douglas, Norris, and Norris, 1974; 1975). These sedimentary
formations are characterized by black or grey shales containing 40% clay (Farrokhrouz
and Asef, 2013) and fine-grained limestone, which “contributed significant silt and clay
to the matrix of local glacial till” (EcoDynamics Consulting, 2008, p. 5).
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Geologic formation: material
A - Horn River: shale, limestone.
B - Lonely Bay: limestone.
C - Chinchaga: gypsum, limestone, dolomite.
D - Mirage Point: dolomite, shale, gypsum.
E - Chedabucto Lake: dolomite, shale.
F - La Martre Falls: shale, dolomite, salt crystal casts.
G - Granite

Figure 3.1. Subsurface geology for the study region and surrounding area. The Hay River
and Horn River formations cover the majority of the MBS (top). A nearby cross-section
of subsurface layers is also shown (left). Images derived from Douglas (1974), Douglas,
Norris, and Norris (1974; 1975).
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3.1.2 Glacial Lake McConnell
The Laurentide ice sheet, which covered the entire study area during the last
glaciation, has also helped define the current landscape. As the ice sheet retreated,
Glacial Lake McConnell formed, extending from Great Bear Lake to Lake Athabasca
(Figure 3.2; Smith, 1994). In addition to the glacial till left by the melting ice sheet,
glaciolacustrine beach deposits and fluvial-lacustrine deposits from Glacial Lake
McConnell provided a massive source of silt, clay, sand and gravel (EcoDynamics
Consulting, 2008). Drainage improves moving north within the MBS and beyond due to
glacial till (ECG, 2007).
3.2 Climate
Winter seasons are long and cold, while summers are short and cool (ECG, 2007).
The climate record for the immediate study area, Fort Providence, NT, is incomplete for
long periods during the length of record from 1943 to present (Figure 3.3). In such cases,
Fritts (1976) suggests that information can be gathered from neighbouring areas,
assuming that the regions exhibit similar exposure and elevation. These areas should
also be within a 160 kilometer distance of the site, using a minimum of two
neighbouring weather stations. Hay River and Yellowknife represent the closest
opportunities to study long term instrumental records for the general region. Although
Fritts (1976) indicates that correlations may be substantially reduced if the weather
station is more than 32 kilometers away, both Hay River and Yellowknife temperature
records correlate well with the Fort Providence climate data that does exist (r ≥ 0.98, p-
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Figure 3.2. Maximum extent of Glacial Lake McConnell. Image derived from Smith
(1994).
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Figure 3.3. A summary of the existing climate data for Fort Providence, NT (1943-2007).
The bottom graph shows the temporal distribution of climate data.
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value ≤ 0.01), suggesting there is significant similarity between the records. Precipitation
however, is only moderately correlated (r ≥ 0.51, p-value ≤ 0.01).
Using an averaged value for the three stations, a 30-year climate normal (19812010) was created. The thirty year daily average is to satisfy the minimum time period
recommended by the World Meteorological Organization (WMO) to eliminate interannual variations (WMO, 1989). The mean annual temperature is -3.2°C. Annual
precipitation is approximately 317mm, with the majority falling during summer months
(ECG, 2007; Figure 3.4).
3.3 Remotely sensed data
3.3.1 Image Standardization
As discussed in Chapter 2, LANDSAT 5 TM data were selected as the most
suitable source of remote sensing imagery. To limit the seasonal variability of imagery, a
semi-objective date range was established. A reference point, based on ± 1 standard
deviation of the September maximum temperature climate normal, resulted in a date
range of August 12th to October 13th. This date frame is similar to the August to
October time frame suggested by van der Wielen (2012) to study lake area change in
the MBS.
Images with less than 10% cloud cover, and no-to-minimal clouds within the area
of interest, were selected. Using this method, 13 images were obtained for the period
1986-2011 (Table 3.1). A combination of two LANDSAT 5 TM scene footprints were
needed to capture a meaningful observation period. In order to provide a consistent
area of analysis however, the spatial extent was limited to where the two footprints
41

Hay River Precip

Yellowknife Precip

Max Temp

Mean Temp

Min Temp

30.0

80

20.0

70

10.0

60

0.0

50

-10.0

40

-20.0

30

-30.0

20

-40.0

10

-50.0

0

Precipitation (mm)

Temperature (°C)

Fort Providence Precip

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Month
Figure 3.4. Fort Providence, Hay River, and Yellowknife climate normal (1981-2010).
Maximum (red line), mean (dotted line), and minimum (blue line) temperature values
were derived by averaging the three sites together; temperatures between sites are
highly correlated (r ≥ 0.98, p-value ≤ 0.01). Precipitation totals are shown for Fort
Providence (black), Hay River (blue), and Yellowknife (yellow). Average Fort Providence
precipitation data was derived from all available Fort Providence data (1943-2007).
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Table 3.1. LANDSAT 5 TM images used in analysis. There are thirteen images between
1986-2011.
Year

Date

Scene ID

1986

Sept. 9

LT50480171986252PAC00

1989

Sept. 1

LT50480171989244PAC00

1992

Aug. 17

LT50470171992230PAC00

1993 Sept. 21 LT50470171993264PAC00
1994

Aug. 30

LT50480171994242PAC00

1997 Sept. 23 LT50480171997266PAC00
1999 Sept. 13 LT50480171999256PAC00
2001

Aug. 17

LT50480172001229LGS01

2003

Oct. 3

LT50470172003276PAC02

2004 Sept. 26 LT50480172004270PAC01
2005

Sept. 6

LT50470172005249PAC01

2007

Aug. 18

LT50480172007230PAC02

2011

Aug. 22

LT50470172011234PAC03
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overlap. As a result, eastern portions of the MBS have been excluded from analysis
(Figure 3.5). Although cloud-free images were sought in imagery acquisition, occasional
clouds were still present in four of the images (1986, 1989, 1994, and 1997). These small
areas were masked from analysis using the Haze Removal tool, part of the Atmospheric
Correction (ATCOR) wizard in PCI Geomatica 2013.
Images were radiometrically calibrated with Equation 3.1. Top of atmosphere
reflectance values were also calculated, using Equation 3.2 (Finn et al., 2012). EarthSun distance (D), ground surface irradiance (I), and sun angle (SA) were extracted using
a combination of the metadata file (included in each LANDSAT 5 TM image) and lookup
tables.

(Eq. 3.1)

⁄

(Eq. 3.2)

3.3.2 Image Classification
Following standardization, images were classified into two broad categories,
water and land. Indices, such as the Normalized Difference Vegetation Index (NDVI;
Rouse et al., 1973) and Normalized Difference Water Index (NDWI; Gao, 1996), combine
spectral information from multiple bands, exaggerating differences between vegetated
and non-vegetated surfaces. LANDSAT 5 TM records information in seven spectral
bands, the combination of which can lead to increased accuracy in feature classification
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¯

Figure 3.5. Map of the Mackenzie Bison Sanctuary (red) compared to the area of
analysis (grey). Great Slave Lake and south of the Mackenzie River and Great Slave Lake
have also been excluded from analysis.
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(Gao, 1996). Unfortunately, flooded tree stands and floating vegetation appear to
negatively impact index classification results, severely underestimating the size of
lakes.As a result, only the near-infrared (NIR) band was used for analysis. The NIR band
has been used successfully in other studies to delineate shoreline boundaries (Van and
Binh, 2009). Additionally, the images for this study demonstrate a bi-modal distribution
of data, providing a reliable distinction between water and land features.
Per-pixel, top of atmosphere reflectance values were transformed to fuzzy
membership values using a sigmoid membership function (Equation 3.3), where f1 is
the spread value and f2 is the midpoint value. The spread value, which ranges
between 1 and 10, controls how rapidly the fuzzy membership curve decreases
from 1 to 0. A lower spread value results in a less abrupt transition to a 0
membership value (ESRI, 2011). A spread value of 5 was applied to all images for
this project using the Fuzzy Membership tool in ArcMap. A midpoint value of 0.5,
the middle range of membership values of the input raster, was also implemented.
To classify water, low reflectance values (water) were given a membership of 1.0, high
reflectance values (land) received a membership of 0.0, with all other values ranging
between 1.0 and 0.0 membership. The resulting raster was then hardened (converted to
crisp values) based on the membership of interest (three thresholds were examined for
this project: 1.0, ≥0.5, and ≥0.1), producing a raster with only two categories: water or
land.

(

)

(Eq. 3.3)
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A minimum mapping unit (MMU) of 0.81 hectares (9 pixels) was implemented
for this study, a standard cautionary measure for 30 m pixel sensors (Knight and
Lunetta, 2003). Features of less than 0.81 ha contribute to a ‘salt and pepper’ image and
are not considered replicable (Lunetta and Balogh, 1999). A 3 x 3 pixel mode filter was
implemented to generalize the image. The majority filter examines the central pixel of a
3 x 3 window and assigns a category class based on the value of the majority of pixels in
the window. While this method does limit the ability to detect small changes in lake size,
the result is a more reliable classification. Clustered pixels were grouped together using
the Region Group tool in ArcMap. Clusters of eight pixels or less were reclassed as nodata and subsequently excluded from further analysis. The classified raster images were
then converted to non-simplified vector shapefiles to calculate lake area.
In addition to examining the study site as a whole, the area was sub-divided into
smaller zones of analysis to explore lake growth within the region. Turner et al. (2010)
examined lake water balances in Old Crow Flats, Yukon using isotopic tracers (δ18O and
δ2H). They found that some lakes exhibited a strong reliance on snowmelt, others on
rainfall, and still others relied on groundwater. The associated dependence was related
to landscape conditions of the immediate area surrounding the lake, and varied widely
even within a single study site. It may be advantageous therefore, to examine lake
growth at the site level as opposed to regionally, where the varying response signals
may be lost. A grid size of 10 x 10 km, or 10,000 ha, was chosen to conform to regional
scale investigation standards in land cover change detection (Abdullah and Nakagoshi,
2006). Boundary grid squares with cells covering less than 50% of the total land area
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were omitted from analysis, leaving 101 grid cells. Due to the number of grid locations
examined at the regional scale, a decision was made to focus on a single membership
type. A fuzzy membership of ≥0.5 was chosen, as 1.0 membership does not make full
use of the available data (Foody, 1999). Additionally, Larter and Gates (1991) examined
wood bison diet and habitat in the MBS and found the bison preferred wet and mesic
meadows. As a result, areas with some water present were not interpreted as at great
of risk to bison displacement, and the ≥0.1 membership results were not studied
further. Four major lakes (Birch Lake, Boulogne Lake, Caen Lake, and Dieppe Lake;
Figure 3.6) were also selected to examine lake growth at an even finer scale. A 500 m
buffer was applied to the maximum extent of each lake to define a consistent area of
analysis while capturing potential spatial distribution inconsistencies.
3.3.3 Sampling strategy
To test for accuracy, pixels from the original, unclassed imagery which had an
obvious spectral association to a specific land cover type were used as reference data.
From the resulting group of reference data, assessment pixels were determined with a
stratified random sampling approach using the Geospatial Modelling Environment tool
(Beyer, 2012). This method guarantees a specified number of pixels are selected for
each class, but random selection within those classes ensures sampling conforms to
scientific principles (Gao, 2009). Lillesand et al. (2007) recommend a minimum of 50
sample pixels per class as a rule of thumb, but up to 100 sample pixels for large areas.
One hundred sample points were selected per class for this study.
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Figure 3.6. Locations of Birch Lake, Boulogne Lake, Caen Lake, and Dieppe Lake.
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The associated land cover types of the reference and classified data within the
assessment pixels were then compared (classified data being the imagery which had
been classed according to fuzzy membership results). It should be noted that the
majority of sampled pixels are likely within the interior area of a given class, which may
inflate accuracy results.
3.3.4 Statistical Procedures
Lake level data analyzed for this study were found to be highly autocorrelated
over the time series, a phenomenon inherent to the majority of environmental time
series analyses (Buchberger, 1995). When a data series exhibits autocorrelation,
sampling is no longer independent and the amount of meaningful information extracted
is an overestimation of importance, as the influence of previous data points skews
results. Mann-Kendall results are greatly impacted by autocorrelation, so data were
corrected with an effective sample size approach described by Yue and Wang (2004).
The original effective sample size approach compares the mean variance of an
independent sample point with the variance of the remaining data (McGrath, 2009). The
Yue and Wang (2004) method calculates the effective sample size based on the
estimated detrended data, resulting in a better representation of significant change. A
confidence level of 95% was applied.
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3.4 Dendroclimatology
3.4.1 Sampling methods
Tree cores were collected from white spruce and jack pine (Table 3.2) and
analysed separately to test for a common climate signal from multiple species
chronologies. Site boundaries were neither uniform nor static, as site size is determined
in the field by the ability to find an appropriate number of sensitive trees. For this study
however, a radius of 500 m can be considered a conservative estimate of site size. Sites
were selected at roughly 10 km intervals along Highway 3, which runs through the MBS
from Fort Providence to Behchoko (Figure 3.7). A minimum (maximum) of 30 (39) trees
were sampled per site. Samples were collected using Hagloff increment tree borers
(with an internal diameter of ~4.3 mm)
3.4.2 Sample preparation and measurement
Cores were allowed to air dry and then mounted on pre-grooved wood core
mounts, placed in a way that exposed the transverse (cross-sectional) surface (Fritts,
1976). The samples were then sanded with progressively finer sandpaper. A sandpaper
grit sequence of 180, 320, 380, and 400 or 600 is recommended by Stokes and Smiley
(1968) and was used as a guideline. Samples were dated (marked) under a microscope,
highlighting each decade, half century, century, and problematic areas where absent or
hard to see rings appear (Stokes and Smiley, 1968). A Velmex tree ring measuring
system was used to provide precise ring width measurements (precise to 0.001 mm).
Measurements were compared across multiple samples to ensure proper cross dating,
using visual cues, the list method (Yamaguchi, 1991), and statistical cross dating wit h
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Table 3.2. Summary of tree ring sample sites for the study area.
Site Code Latitude Longitude Elevation (m) Tree Species Series Length (yrs)
FP01
61.55039 -117.15425
190
white spruce
1731-2010
FP02
61.69592 -116.91578
208
white spruce
1920-2010
FP03
61.43972 -117.37347
160
white spruce
1908-2010
FP05
61.85500 -116.62017
228
jack pine,
1930-2010
white spruce
1927-2010
FP06
62.69056 -116.16417
227
jack pine
1861-2010
white spruce
1718-2010
FP08
62.72614 -116.09828
248
jack pine
1852-2008
FP09
61.89714 -116.52744
240
white spruce
1796-2010
FP10
61.68000 -116.97806
254
white spruce
1885-2010
FP11
61.82097 -116.71217
227
jack pine,
1873-2010
white spruce
1890-2010
FP12
61.73256 -116.87428
231
jack pine
1874-2010
FP13
62.14839 -116.26556
220
jack pine
1895-2010
FP14
62.03703 -116.31392
214
white spruce
1879-2010
FP15
61.63231 -117.12006
215
jack pine
1926-2010
FP16
61.53503 -117.21075
194
white spruce
1922-2010
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¯

Figure 3.7. Map of tree ring sampling sites. There is a large gap between sites FP06 and
FP13 due in part to recent fire activity in the area.
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the computer program COFECHA (Holmes, 1983). The list method is a faster alternative
to skeleton plotting, used in instances where there is a clear pattern of rings from living
trees (Speer, 2010). Consistent marker rings are then used to cross date other cores.
3.4.3 Standardization
Two standardization methods were initially considered for this project: negative
exponential curve (NEXP) and Signal-Free (SF). NEXP is employed extensively in the field
of dendroclimatology (Speer, 2010), and SF, while still a relatively new concept, is
quickly becoming a popular method. The NEXP method is a deterministic model,
dividing the ring widths of each individual tree series by a known age-related curve
(Gunnarson, 2001; Speer, 2010). For SF, a data-adaptive smoothed curve is used to
develop a mean chronology. Raw ring width measurements are then compared to this
mean chronology to remove the common climate signal, producing SF values (Porter,
2012). These values are an estimate of tree growth in an unchanging climate, with age
related growth removed (Melvin and Briffa, 2008). The removal of the age related trend
and development of NEXP ring width indices were completed using the ARSTAN
software package (Cook and Holmes, 1986). A signal free enabled ARSTAN add-in (by Ed
Cook, Lamont-Doherty Earth Observatory Tree-Ring Laboratory) was used to calculate
SF values.
Standardization results varied widely between the two methods, especially in
the early part of the series. It has been well documented that NEXP is likely to reduce at
least some of the climate signal when removing the growth trend (Melvin and Briffa,
2008), however this technique is less prone to user error than empirical models such as
54

SF (Speer, 2010). Additionally, while SF provides a seemingly improved method for
standardization, research in regards to this method has been limited (Briffa and Melvin,
2011; Anchukaitis et al., 2013). Further investigation is needed before SF can be applied
with confidence. As such, SF results were not studied further.
3.4.4 Regional chronology
Assuming a consistent species sample and standardization technique, individual
site chronologies have the potential to be combined into a single regional chronology. In
dendroclimatology, this allows for a better understanding of the spatial distribution of
climate (Speer, 2010). To determine if site chronologies were affected by similar
influences and therefore appropriate for grouping, Principal Component Analysis (PCA)
was used. PCA is used to understand multi-dimensional phenomena, reducing the
number of influencing factors to a few key variables (Demsar et al., 2013). Data are
mapped in a multi-dimensional matrix, with the factor explaining the greatest amount
of variance labelled as Principal Component 1 (PC1) followed by PC2, PC3, and so on,
ordered according to their eigenvalues (Desmar et al., 2013). If site chronologies are
similar in influence then a regional chronology can be created.
3.4.5 Climate-growth relation
Although there are many methods for determining which climatic factors are
most likely influencing tree growth, correlation coefficients were used for this study.
Correlation coefficients can “provide information similar to analysis of variance and
because correlation is a simpler concept and easy to compute, it is sometimes favored
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over analysis of variance” (Fritts, 1976). A statistical equation using linear regression was
subsequently developed to model climate based on tree ring width. This is a standard
statistical technique for dendroclimatology (Speer, 2010).
The model derived for this study has been tested against the measures of
statistical significance discussed in Chapter 2, providing confidence in reconstructed
climate values, and will be presented in Chapter 4.
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CHAPTER 4
RESULTS
4.1 Remotely sensed data
4.1.1 Landscape level changes
A range of lake surface area results for the entire study region, grouped by fuzzy
membership threshold values and year, indicate an overall increasing trend (Figure 4.1).
Mann-Kendall results indicate a statistically significant (p-value ≤ 0.05) positive trend for
all three membership thresholds. With a Kendall’s Tau value ranging between 0.615 and
0.692, there is a moderate correlation between lake area and time.
Examining the ≥0.5 membership results (Table 4.1), lake area ranges from 56,124
ha (or 5.7% of the total study area) in 1986 to a maximum of 106,711 ha (10.8% of the
total study area) in 2007. Regional scale analysis shows that lake areal change is not
uniform throughout the study area (Figure 4.2). This discrepancy is likely due to the
greater number of lakes present in the northern and central regions of the study area
(rows A-F in Figure 4.2), which averages 2,690 more lakes than the south (Table 4.1).
Based on the Mann-Kendall test, thirty three of the 101 grid cells exhibit statistically
significant change, all of which are associated with an increase in lake area. From
1986 to 2011, lake area within the statistically significant grid cells increased 8% to
1620% (p-value ≤ 0.05; minimum of 9 ha, maximum of 5,174 ha), with an average
growth of 210% (1,122 ha). Kendall’s Tau values ranged between 0.538 and 0.795.
Remotely sensed lake area results were compared to climate variables. Global
summer (June-August) SSTAs correlate moderately well (0.582, p ≤ 0.05) with lake
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Figure 4.1. Total lake area (in hectares) within the study region. Results are grouped
according to fuzzy membership threshold value.

58

Year
1986
1989
1992
1993
1994
1997
1999
2001
2003
2004
2005
2007
2011

Table 4.1. Summary of remote sensing analysis by region for ≥0.5 membership results.
Overall Study Area
North/Central (rows A-F)
South (rows G-K)
# of Lake
Area
% of
# of Lake
# of Lake
Area
Objects
(ha)
Area
Objects
Area (ha) % of Area
Objects
(ha)
3,577
56,124
5.7
3,151
50,197
8.4
426
5,927
2,671
59,895
6.1
2,336
51,199
8.5
335
8,695
3,200
77,564
7.9
2,810
66,952
11.2
390
10,612
3,026
74,330
7.5
2,641
64,717
10.8
385
9,612
1,815
59,573
6.0
1,611
51,811
8.6
204
7,761
8,449
78,609
8.0
6,404
69,003
11.5
2,045
9,606
3,211
65,974
6.7
2,841
59,125
9.9
370
6,849
4,282
74,575
7.6
3,571
66,595
11.1
711
7,980
3,017
76,078
7.7
2,657
66,531
11.1
360
9,548
5,310
88,882
9.0
4,242
76,438
12.7
1,068
12,444
3,472
81,401
8.2
2,988
70,409
11.7
484
10,993
7,212
106,711
10.8
5,675
89,669
14.9
1,537
17,042
3,135
87,804
8.9
2,748
73,111
12.2
387
14,692

% of
Area
1.5
2.2
2.7
2.5
2.0
2.5
1.8
2.1
2.5
3.2
2.8
4.4
3.8
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Figure 4.2. Grid map of the study area, highlighting areas of significant positive change
(red) and non-significant change (green) in lake area. Significance was determined using
the Mann-Kendall test statistic (p-value <0.05). N/A = Not Applicable, meaning no lakes
are present within these grid cells.
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growth in the study area, but July to October PNA values correlate best (r = 0.649, pvalue ≤ 0.05; Figure 4.3).
Accuracy results for the classified data using the ≥0.5 fuzzy membership are high,
with overall accuracy ranging between 80% and 99%. According to the user’s accuracy
results, the classification of water was more accurate than that of land. Consequently, in
a two class map such as this, the producer’s accuracy is inversely related (land is more
accurately classified). The majority of erroneous pixels were located near the lake edge.
Table 4.2 displays the overall accuracy and Kappa statistic (K) results.
4.1.2 Individual Lakes
To examine trends at a finer scale, remote sensing results related to Birch Lake,
Boulogne Lake, Caen Lake, and Dieppe Lake were extracted and interpolated (Figures
4.4-4.7). Expansion rates for these lakes were estimated to be 4.25 ha/yr (0.2%/yr), 69
ha/yr (58%/yr), 63 ha/yr (3%/yr), and 83 ha/yr (12%/yr), respectively. It is important to
note that Figures 4.4-4.7 are of varying scale, particularly Birch Lake and Boulogne Lake.
Mann-Kendall results indicate that Caen Lake is the only study lake where the null
hypothesis (that there is no statistically significant trend) can be rejected (p-value ≤
0.05).
Birch Lake has an outlet to the south west, which may have contributed to its
relatively stable water levels during the period of analysis. The three remaining lakes
have experienced visually apparent lake growth, however even in low water level years,
the extent of present lake levels are discernible via discolouration of the ground. This
suggests that historical lake levels had previously reached current levels. Caen Lake and
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Figure 4.3. Lake area (blue) is correlated with (a) July to October Pacific North American
pattern values (r = 0.649, p-value ≤ 0.05) and (b) global summer sea surface
temperature anomalies (0.582, p ≤ 0.05).
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Remote
Sensing
Classification

Table 4.2. Summary of accuracy results by year (1986-2011). The table continues on the
following two pages. K = Kappa statistic.
1986
Reference Total
Class
Water Land User’s Accuracy
Water
72
0
100
Land
28
100
78
Producer’s accuracy

72

100

200

Overall accuracy = 86%, K = 0.72

Remote
Sensing
Classification

1989
Class
Water
Land

Reference Total
Water Land User’s Accuracy
91
0
100
9
100
92

Producer’s accuracy

91

100

200

Overall accuracy = 96%, K = 0.91

Remote
Sensing
Classification

1992
Class
Water
Land

Reference Total
Water Land User’s Accuracy
96
0
100
4
100
96

Producer’s accuracy

96

100

200

Overall accuracy = 98%, K = 0.96

Remote
Sensing
Classification

1993
Class
Water
Land

Reference Total
Water Land User’s Accuracy
98
0
100
2
100
98

Producer’s accuracy

98

100

200

Overall accuracy = 99%, K = 0.98

Remote
Sensing
Classification

1994
Class
Water
Land

Reference Total
Water Land User’s Accuracy
82
0
100
18
100
85

Producer’s accuracy

82

100

200

Overall accuracy = 91%, K = 0.82
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Table 4.2 (Cont’d). Summary of accuracy results by year (1986-2011). The table
continues on the following page. K = Kappa statistic.
Remote
Sensing
Classification

1997
Class
Water
Land

Reference Total
Water Land User’s Accuracy
60
0
100
40
100
71

Producer’s accuracy

60

100

200

Overall accuracy = 80%, K = 0.60

Remote
Sensing
Classification

1999
Class
Water
Land

Reference Total
Water Land User’s Accuracy
76
0
100
24
100
81

Producer’s accuracy

76

100

200

Overall accuracy = 88%, K = 0.76

Remote
Sensing
Classification

2001
Class
Water
Land

Reference Total
Water Land User’s Accuracy
74
0
100
26
100
79

Producer’s accuracy

74

100

200

Overall accuracy = 87%, K = 0.74

Remote
Sensing
Classification

2003
Class
Water
Land

Reference Total
Water Land User’s Accuracy
93
0
100
7
100
93

Producer’s accuracy

93

100

200

Overall accuracy = 97%, K = 0.93

Remote
Sensing
Classification

2004
Class
Water
Land

Reference Total
Water Land User’s Accuracy
82
0
100
18
100
85

Producer’s accuracy

82

100

200

Overall accuracy = 91%, K = 0.82
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Table 4.2 (Cont’d). Summary of accuracy results by year (1986-2011). K = Kappa
statistic.
Remote
Sensing
Classification

2005
Class
Water
Land

Reference Total
Water Land User’s Accuracy
93
0
100
7
100
93

Producer’s accuracy

93

100

200

Overall accuracy = 97%, K = 0.93

Remote
Sensing
Classification

2007
Class
Water
Land

Reference Total
Water Land User’s Accuracy
70
0
100
30
100
77

Producer’s accuracy

70

100

200

Overall accuracy = 85%, K = 0.70

Remote
Sensing
Classification

2011
Class
Water
Land

Reference Total
Water Land User’s Accuracy
91
0
100
9
100
92

Producer’s accuracy

91

100

200

Overall accuracy = 96%, K = 0.91
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Figure 4.4. Birch Lake in (A) 1986 and (B) 2011. (C) Lake surface area results, in hectares,
for the area of interest (red) are presented (bottom). Remote sensing results (blue) and
interpolated values (grey) are shown. Map scale 1:140,000.
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Figure 4.5. Boulogne Lake in (A) 1986 and (B) 2011. (C) Lake surface area results, in
hectares, for the area of interest (red) are presented (bottom). Remote sensing results
(blue) and interpolated values (grey) are shown. Map scale 1:56,000.
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Figure 4.6. Caen Lake in (A) 1986 and (B) 2011. (C) Lake surface area results, in hectares,
for the area of interest (red) are presented (bottom). Remote sensing results (blue) and
interpolated values (grey) are shown. Map scale 1:85,000.
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Figure 4.7. Dieppe Lake in (A) 1986 and (B) 2011. (C) Lake surface area results, in
hectares, for the area of interest (red) are presented (bottom). Remote sensing results
(blue) and interpolated values (grey) are shown. Map scale 1:69,000.
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Dieppe Lake have followed an almost identical growth pattern. These lakes are
geographically close to one another, suggesting growth may be controlled by the
immediate environment.
4.2 Dendroclimatology
4.2.1 Site chronologies
The longest usable site chronologies for white spruce from this study date back to 1880
(sites FP06 and FP09) and 1864 for jack pine (sites FP06 and FP08). A chronology is only
considered usable if the Expressed Population Signal (EPS) value is above 0.85 (Briffa
and Jones, 1990) and more than one site chronology spans the given time period. EPS
is one of the resulting statistical outputs of ARSTAN and provides a quality measure of
the chronologies. FP01 was excluded from further analysis due to low EPS values (18201920 EPS < 0.85, with a minimum of 0.5), while the periods of analysis for the remaining
sites were shortened to varying degrees (Table 4.3).
4.2.2 Assessing similarities of growth trends between site chronologies
In combination with site correlations (Table 4.4), a Principal Component Analysis
(PCA) was conducted to determine which sites to include in the regional chronology.
Site correlations varied widely and PCA plotting clustered in multiple groups (Figure 4.8).
White spruce sites FP03, FP10, FP11, FP14, and FP16 encompass the largest group, with
sites FP02/FP05 and FP06/FP09 the least similar. PC1 explains 52% of the variance for
white spruce sites, and was compared to climate variables (Table 4.5). PC1 correlates
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Table 4.3. Summary of data used to develop site chronologies. Usable series is determined by EPS being greater than 0.85.
Series
Mean
# of
Site
# of
Mean
Series
Usable
# of trees
InterMeasurement
Usable Autocorrelation
Code
Series
Sensitivity
Length
Series
correlation
(mm)
Years
WHITE SPRUCE
FP01
34
18
.453
.27
.205
1731-2010 Not usable
.869
FP02
60
30
.660
.96
.175
1920-2010 1930-2010
81
.778
FP03
60
31
.683
.95
.229
1908-2010 1923-2010
88
.775
FP05
51
26
.602
1.00
.164
1927-2010 1932-2010
79
.810
FP06
44
25
.497
.38
.189
1718-2010 1880-2010
131
.863
FP09
62
34
.656
.71
.201
1796-2010 1880-2010
131
.826
FP10
60
31
.729
.92
.236
1885-2010 1917-2010
94
.841
FP11
40
20
.701
1.03
.236
1890-2010 1915-2010
96
.720
FP14
58
29
.619
.74
.200
1879-2010 1897-2010
114
.818
FP16
44
22
.702
1.25
.219
1922-2010 1930-2010
81
.789
JACK PINE
FP05
78
39
.595
.67
.213
1930-2010 1938-2010
73
.935
FP06
20
10
.647
.43
.236
1861-2010 1864-2010
147
.867
FP08
57
30
.679
.39
.347
1852-2008 1864-2008
145
.750
FP11
56
28
.695
.54
.282
1873-2010 1877-2010
134
.806
FP12
43
22
.619
.57
.229
1874-2010 1876-2010
135
.895
FP13
54
30
.605
.91
.210
1895-2010 1898-2010
113
.867
FP15
56
29
.629
.93
.211
1926-2010 1928-2010
83
.932
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Table 4.4. Correlation matrix between site chronologies of white spruce (top) and jack
pine (bottom).

FP02
FP03
FP05
FP06
FP09
FP10
FP11
FP14
FP16

FP02
1
.419**
.807**
-.006
.013
.567**
.466**
.436**
.329**

FP03
.419**
1
.367**
.256*
.494**
.669**
.304**
.585**
.717**

FP05
.807**
.367**
1
-.200
-.170
.415**
.296**
.435**
.070

WHITE SPRUCE
FP06 FP09
-.006 .013
.256* .494**
-.200 -.170
1
.705**
.705**
1
.268** .534**
.276** .198
.441** .664**
.318** .482**

FP10
.567**
.669**
.415**
.268**
.534**
1
.443**
.691**
.573**

FP11
.466**
.304**
.296**
.276**
.198
.443**
1
.335**
.588**

JACK PINE
FP05 FP06 FP08 FP11 FP12 FP13
FP05
1
.232* .207
.627** .542** .517**
FP06 .232*
1
.629** .185* .170* .078
FP08 .207
.629**
1
.164
.092
.220*
FP11 .627** .185* .164
1
.690** .587**
FP12 .542** .170* .092
.690**
1
.683**
FP13 .517** .078
.220* .587** .683**
1
**
**
**
FP15 .571
.089
.101
.323
.389
.438**
* = Correlation is significant at the 0.05 level (2-tailed).
** = Correlation is significant at the 0.01 level (2-tailed).

FP14
.436**
.585**
.435**
.441**
.664**
.691**
.335**
1
.348**

FP16
.329**
.717**
.070
.318**
.482**
.573**
.588**
.348**
1

FP15
.571**
.089
.101
.323**
.389**
.438**
1
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Figure 4.8. Principal Component Analysis results for (A) white spruce and (B) jack pine.
Black circles indicate sample site groupings used for individual regional chronologies.
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Table 4.5. Correlation between the first and second white spruce and jack pine Principal
Components and selected climate variables. Only significant relations are shown.
WS-PC1 WS-PC2 JP-PC1 JP-PC2
Maximum Temperature
January
.237*
June
.369**
November
.299*
December
-.384**
.227*
Mean Temperature
January
.219*
*
June
.298
November
.314*
December
-.399**
.225*
Minimum Temperature
November
.320*
December
-.409**
Precipitation
February
-.233*
May
.259*
June
-.302*
.240*
*
October
-.326
December
-.334*
.243*
* = Correlation is significant at the 0.05 level (2-tailed).
** = Correlation is significant at the 0.01 level (2-tailed).
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weakly (r = 0.369, p-value ≤ 0.01) with maximum June temperatures (Figure 4.9). Jack
pine sites FP06 and FP08 are least similar to the remaining jack pine sites (FP05, FP11,
FP12, FP13, and FP15). PC1 explains 50% of the variance in jack pine sites, but
correlations with climate variables were weak and were not interpreted further.
4.2.3 Tree ring chronologies
Due to low inter-site correlation, three White Spruce Average Chronologies
(WSAC; Figure 4.10) and two Jack Pine Average Chronologies (JPAC; Figure 4.11) were
initially created. These average chronologies were then compared against one another
to develop a regional chronology. WSAC 1 did not correlate well with WSAC 2 or WSAC
3 (r = -0.11 and 0.36 respectively) and was not studied further, however WSAC 2 and
WSAC 3 were highly correlated with one another (r = 0.75, p-value ≤0.01). Additionally,
two existing tree ring datasets by Schweingruber (Bras d’Or Lake (SBL; n.d. a) and Fort
Providence (SFP; n.d.b)) were downloaded from the ITRDB. SFP and SBL are white spruce
series, covering a time period of 1829-1988 and 1795-1988. SFP and SBL correlated
moderately well with WSAC 2 and WSAC 3 (r = 0.61 and 0.62, and 0.59 and 0.62
respectively, p-value ≤ 0.01). As a result, a decision was made to combine these four
chronologies (WSAC 2, WSAC 3, SFP, and SBL) into a single White Spruce Regional
Chronology (WSRC; Figure 4.12) by averaging all chronologies equally. Correlations
between JPAC 1 and JPAC 2 were low (r = 0.17); only JPAC 2 was used to create the Jack
Pine Regional Chronology (JPRC; Figure 4.12).
Regional chronologies were tested against climatic variables (including at lagged
time intervals). Correlations are generally weak, but diverse, suggesting that tree growth
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Figure 4.9. Comparison of Principal Component 1 of white spruce sites to maximum
June temperatures.
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Figure 4.10. White spruce site chronologies (coloured lines) used to create the White
Spruce Average Chronologies (WSAC; black line).
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Figure 4.11. Jack pine site chronologies (coloured lines) used to create the Jack Pine
Average Chronologies (JPAC; black line).
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Figure 4.12. Regional chronologies (black line) for (A) white spruce and (B) jack pine.
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was influenced by more than one limiting growth factor. WSRC negatively correlated
with November maximum temperatures (r = -0.22, p-value ≤ 0.05), November minimum
temperatures (r = -0.27, p-value ≤ 0.01), and October mean temperatures (r = -0.24, pvalue ≤ 0.05), but is positively correlated with June (r = 0.28, p-value ≤ 0.01), July (r =
0.21, p-value ≤ 0.05), and December (r = 0.27, p-value ≤ 0.01) precipitation. JPRC
correlates negatively but weakly with February maximum and mean temperatures (r = 0.23 and -0.19 respectively, p-value ≤ 0.05), but positively with June minimum
temperatures (r = 0.21, p-value ≤ 0.05). JPRC also correlates weakly with large scale
systems such as Arctic Oscillation and Pacific Decadal Oscillation (r = -0.30 and -0.31
respectively, p-value ≤ 0.05) as well as Pacific sea surface temperature anomalies (r =
0.26, p-value ≤ 0.05). All statistically significant correlations are presented in Table 4.6.
As a general guide, Dancey and Reidy (2004) suggest that correlations of 0.4 to 0.6
should be considered as moderately associated. Anything less than 0.4 is considered a
weak correlation and may have limited utility (Dancey and Reidy, 2004). As a result,
only the WSRC/PDSI relation was examined further. WSRC correlates moderately well
with PDSI (r = 0.49, p-value ≤ 0.01), following the low frequency trend of the data, while
also capturing important high frequency events (such as a major dry year in 1980).
Based on the WSRC/PDSI relation, a model (Equation 4.1) was developed using
linear regression in order to reconstruct PDSI:
y = 4.8375(x) – 4.8112

(Eq. 4.1)

where y is the PDSI value for year t and x is the ring width of the regional chronology in
year t.
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Table 4.6. Correlation between the white spruce and jack pine regional chronologies
and selected climate variables. Only significant relations are shown.
WSRC
JPRC
Maximum Temperature
February
-.233*
November
-.218*
Mean Temperature
February
-.191*
*
October
-.241
Minimum Temperature
June
.213*
November
-.268**
Precipitation
June
.282**
July
.213*
December
.271**
Palmer Drought Severity Index
Grid Point 49
.490**
Grid Point 50
.332**
Teleconnection Patterns
AO
-.304*
PDO
-.305*
Pacific SSTAs
Year
.259*
Winter (DJF)
.238*
Spring (MAM)
.236*
*
= Correlation is significant at the 0.05 level (2-tailed).
**
= Correlation is significant at the 0.01 level (2-tailed).
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Model testing suggests that the equation used produces a skilled model (p-value
≤0.05, RE >0.1, and CE >0.1; Figure 4.13). Reconstructed results correlate moderately
with actual PDSI values for the full calibration period (r = 0.49, p-value ≤ 0.01) and sign
test results (51 agreements, 25 disagreements) were also significant (p-value ≤ 0.05),
indicating the agreement between variables is not a result of chance. Correlation, RE,
and CE values for the early verification period (1915-1952) and late verification period
(1953-1990) also strengthen confidence in the model (r = 0.53 and 0.44, RE = 0.33 and
0.23, CE = 0.28 and 0.19, respectively). As mentioned previously, positive RE and CE
values indicate a skilled model.
Important aspects of the low frequency trend are retained in the reconstruction
(Figure 4.13): a shift from positive to negative PDSI values in the late 1930s, high values
in 1938 and 1988, and low values in 1942 and 1980. The PDSI reconstruction indicates
that, on average, climate conditions in the MBS have remained stable between 1915
and 2011. Although there appears to be an almost cyclical pattern from 1940-1980, the
reconstruction does not extend far enough back in time to make a definite conclusion
regarding such claims. What is of great interest is the increase in variability in both the
reconstructed and actual data (Figure 4.14). This indicates that dry years are becoming
increasingly drier, while wet years are becoming gradually more wet.
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Figure 4.13. Reconstructed Palmer Drought Severity Index (PDSI) values (red) compared
to calculated PDSI values (blue). The Sign Test results are statistically significant (p-value
≤ 0.05).
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Figure 4.14. Reconstructed PDSI values (blue) show the overall climate average has been
constant between 1915 and 2010. Variability (red) has increased.
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CHAPTER 5
DISCUSSION
5.1 Remotely sensed data
5.1.1 Lake area
Recent studies examining lake area change in high latitude, discontinuous
permafrost regions have regularly observed overall declining surface area (Labrecque et
al., 2009; Roach et al. 2013). This does not appear to hold true in the MBS and
surrounding area, where total lake area has either increased at a statistically significant
pace, or has experienced no significant change; a result consistent with coarse scale
analysis by Carroll et al. (2011). The majority of significant lake area change has occurred
in the northern and central areas of the study region, both inside and outside of the
MBS. While lake expansion may actually increase the surface area of wet meadows (the
preferred habitat of wood bison; Larter and Gates, 1990), evidence indicates that wood
bison are migrating due in part to the flooding (ENR GNWT, 2010). If lake expansion is
contributing to bison movement, this is potentially a major problem, as remote sensing
results suggest that lakes are expanding in a way that would direct bison south towards
the Bison Control Area. The limited number of lakes in the southern MBS may result in
an insufficient supply of wet and mesic meadows (preferred habitat locations for wood
bison), further exasperating the problem as wood bison continue to seek out more
suitable habitat. Therefore, it is important to address the results presented above,
understanding what the implications of the findings are and how they relate to
management of the Mackenzie herd.
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The distribution of statistically significant growth, or lack thereof, in the southern
MBS may appear surprising, as there is at least one clear example of drastic change
(Boulogne Lake). While it has been suggested that Mann-Kendall results are susceptible
to underestimating significance in small spatial scale conditions (Good and Lowe, 2006),
the omission of these areas, at least in the case of Boulogne Lake, is likely related to the
rapid and very recent acceleration of lake growth. In this case, of the 13 years of
observation, only two, 2007 and 2011, exhibit large surface area differences; the
majority of observations indicate very small surface area changes (Figure 4.4). As
discussed, the Mann-Kendall statistic is not only used to test for differences, but how
differences occur over time. Additionally, one of the primary benefits of the MannKendall test is that calculations are minimally impacted by outliers. It appears that the
2007 and 2011 measurements of Boulogne Lake are treated as an anomaly, not
representative of a change in conditions. As a result, lake expansion is likely more
prevalent than indicated by the results of this study.
5.1.2 Atmospheric patterns
Years of larger lake area correspond to years dominated by positive July to
October PNA values (and, to a lesser degree, warmer global summer SSTAs; Figure 4.3).
This suggests that lake level variability is associated, at least to some degree, to the
changing weather patterns delivered by the PNA. PNA has experienced an overall trend
towards more
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positive conditions since 1950 (Figure 5.1). Similarily, the Intergovernmental Panel for
Climate Change (IPCC) reports that global SSTs have also increased in recent decades
(Figure 5.2), a trend which is “virtually certain to rise significantly” in the future (Nicholls
et al., 2007, p. 323). These estimates indicate a trend of warmer temperatures and less
precipitation in the study area. This makes understanding lake growth less clear,
suggesting two possibilities (1) lake growth is not a direct result of an increase in
precipitation, or (2) large scale systems such as PNA and SSTAs are not appropriate for
capturing regional climatic variability.
Spence and Rausch (2005) studied atmospheric patterns at a more regional scale
and found that large scale systems in themselves may not be a reliable indicator of
weather conditions. Using daily surface weather maps, they identified seven synoptic
patterns for the Yellowknife region (Figure 5.3) and discovered that the low pressure
cyclones, dependant on the Aleutian low, accounted for the majority of rainfall. The
Aleutian low is a semi-permanent atmospheric pressure system in the North Pacific,
which varies in intensity and, although typically centers near the Aleutian Islands, can
vary in location (Rodionov et al., 2007). The Aleutian low influences the interaction
between northern and tropical air masses in the Pacific; during strong Aleutian lows,
warm, moist air from the tropics is pulled northward to polar regions (Zhu et al., 2007).
Spence and Rausch (2005) discovered that low pressure cyclones often developed 2-4
days after an intense Aleutian low. Although the intensity and duration of the Aleutian
low remained comparable between years of study, the frequency of low pressure
cyclones was reduced by 50%, impacting precipitation levels (from 68.3mm in 1998 to
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Figure 5.1. Historical PNA index values (1950-2012). Indices are relative to the 19812010 normal. Data from http://www.cpc.ncep.noaa.gov/data/teledoc/pna.shtml.
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Figure 5.2. Predicted global surface temperature changes (both sea surface and land). Image from the Intergovernmental Panel on
Climate Change [IPCC], (Nicholls et al., 2007).
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Figure 5.3. Seven synoptic patterns identified by Spence and Rausch (2005). Image from
Spence and Rausch (2005).
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46.7mm in 1999). The reduction in cyclone development was thought to be caused by a
southern shift in the Aleutian low, where moist air, striking mountain ranges in coastal
British Columbia, dissipated before having a chance to move north. As a result, Spence
and Rausch (2005) concluded that while large scale systems such as the Aleutian low are
important for cyclogenesis, regional mechanisms which modify cyclone development
are equally important.
While it is clear that large scale atmospheric patterns can provide insight into
climatic parameters which affect lake level fluctuations, the regional climatic conditions
associated with a particular atmospheric pattern can be highly variable. Therefore, it is
important to examine specific environmental variables directly (such as temperature
and precipitation) in order to develop a true understanding of the long-term climate
variability in a particular study area. Furthermore, as mentioned previously, lake area
variability in the study region is not typical of results commonly reported in the
literature. As a result, a large scale system such as the PNA may not provide sufficient
insight as to what is affecting lake growth in and around the MBS.
5.2 Dendroclimatology
Typically, tree ring chronologies are associated with a particular climate variable
such as temperature or precipitation (D’Arrigo et al., 2009; Pisaric et al., 2009; Luckman
and Wilson, 2005; Case and MacDonald, 1995). In the MBS however, neither
temperature nor precipitation records are individually highly correlated with any of the
tree ring chronologies. This suggests that tree growth is affected by other critical limiting
factor(s) and, as such, the identification of a single causal factor related to lake
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expansion is probably not possible. Still, PDSI, which combines aspects of both
temperature and precipitation, allows for the observation of general trends. PDSI results
suggest that climate conditions have become more variable in recent years. If this trend
continues, it poses a potential problem for managing the MBS herd, as climatic
conditions become not only more extreme, but more extreme in both conditions. Other
studies have observed or predicted an increase in intensity of the water cycle
(Huntington, 2006); as temperatures continue to rise in northern Canada, water vapour
is expected to increase. As a result, a greater amount of moisture will be present in the
atmosphere, and therefore more precipitation could potentially fall during a given
precipitation event (Meehl et al., 2005). However understanding extreme dry conditions
is less obvious. Yoshikawa and Hinzman (2003), studying thermokarst ponds in Alaska,
discovered that previous winter temperatures and snow depth were an important factor
in controlling the freezing period of the active layer. In discontinuous permafrost zones,
soils can drain quickly in non-frozen conditions, however once the active layer freezes,
moisture is largely restricted to the surface, allowing for a greater amount of runoff and
evaporation (Yoshikawa and Hinzman, 2003). For example, Yoshikawa and Hinzman
(2003) note that the winter of 2000 was a heavy snowfall year so the active layer did not
freeze until March 21, 2001. Conversely, there was little snow in the winter of 2001, and
the active layer froze by late October. As a result, the water table was 25 cm below the
ground surface in June of 2002, a trend which would completely drain the pond in
roughly 1.5 years. Future monitoring of active layer freezing dates may provide insight
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into the amount of influence the freeze date has on lake level variability in the MBS,
especially when combined with climate conditions captured by calculated PDSI values.
It should be noted that although PDSI is used extensively by a variety of
consumers, it is not without flaws. For example, Guttman et al. (1992) have questioned
the applicability of PDSI outside of the central United States, as PDSI coefficients were
developed through climate records from Iowa and Kansas. Furthermore, Alley (1984)
criticizes PDSI for its weighting function (describing it as “weakly justified on physical or
statistical grounds”), its high sensitivity to small precipitation changes in certain
circumstances, and the subjective definition of wet or dry conditions (±0.5).
Heddinghaus and Sabol (1991) respond to critiques of PDSI by claiming that, based on
survey results, PDSI is typically only used to understand general patterns and that
therefore exact conditions are irrelevant. Another potential concern is the northern
PDSI data from Cook et al. (2007) used for this study, as values are derived from a
limited number of data sources. PDSI was originally designed for the continental United
States, where climate information is temporally and spatially superior to that of
northern Canada. This method was then applied to the majority of North America by
Cook et al. (2007). To address gaps in data, Cook et al. (2007) estimated PDSI for the
1900-1990 period of common overlap using interpolation, but acknowledge that
Canadian data are “clearly under-represented”. As a result, findings should be
interpreted with caution, with attention focused on the general trend of data. While
interpolated PDSI values offer a possibility of exploring past climate trends, there are
certainly some glaring potential issues with interpreting this data without context.
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Unfortunately, this is the best correlated metric and no other drought index has been as
successful as PDSI. Until one is developed, the use of PDSI is widely accepted
(Heddinghaus and Sobel, 1991). The following examines non-climatological influences
which may be impacting the landscape at a more regional scale.
5.3 Non-climatological factors
5.3.1 Surficial deposits
Day (1968) discovered that the permeability of lacustrine deposits should be
considered an important factor in determining water retention capability due to weak
soil development in the region (a result of age and climate conditions). Still, it has been
found that the soils in this region are generally well drained, and in fact the Twin Falls
Series is considered unsuitable for agriculture because of its low water holding capacity
(Day, 1968; EcoDynamics Consulting, 2008; see Table 5.1 and Figure 5.4 for a description
and the spatial distribution of major soil types found in the region). Additionally, the
drainage/permeability of soil and lacustrine deposits increases as one moves further
north, where the majority of lake expansion occurs; the opposite effect one would
expect. As such, it appears that the surficial materials are not a major factor in the
observed lake expansion, although a more in-depth study of soil field capacity limits
would be needed to confirm this conclusion.
5.3.2 Beaver Activity
Beavers (Castor) are often considered a keystone species due to their direct and far
reaching impacts on the landscape (Gurnell, 1998). Dams, canals, and ponds built by beavers
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Table 5.1. Description of major soil types found in the study area. Information is
summarized from Day (1968).
SOIL
DESCRIPTION
Developed on moderately coarse textured beach deposits underlain
by lacustrine deposits. The soils are slightly or moderately stony and
consist of a thin organic layer, followed by gravelly loamy sand and
Dieppe Series
gravelly sandy loam layers. Soils are well drained and permeable,
however the underlying lacustrine silty clay is only moderately
permeable.
Developed on moderately fine and fine textured lacustrine deposits.
The soils are non to slightly stony and consist of a thin organic layer,
Providence
followed by a silty clay loam layer. Soils are well drained and
Series
moderately permeable, however the underlying lacustrine deposit is
only slowly permeable.
Developed on medium and moderately fine textured beach deposits
underlain by silty clay loam lacustrine deposits. The soils are slightly to
exceedingly stony and consist of a thin organic layer, followed by
Sarristo Series
gravelly loam and gravelly sandy clay loam layers. Soils are imperfectly
to moderately well drained and moderately permeable, however the
underlying lacustrine deposits are only slowly permeable.
Developed on coarse textured beach deposits that consist mainly of
Twin Falls
sand and gravel. The soils consist of sand, loamy sand, and sandy
Series
loam. Soils are rapidly drained and very rapidly permeable.
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Figure 5.4. Soil map of the Fort Providence region. Image adapted from Day (1968).
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influence hydrological variables in a variety of ways. Dams can block streamflow, causing the
upstream water table to rise and expand. Even a low dam can flood a relatively large surface
area, especially in flat topographic regions where the effects of beaver activity are typically
magnified (Johnston and Naiman, 1987; Woo and Waddington, 1990). Furthermore, canals or
diversion channels are used as travel and transport routes. These features have been

documented at lengths greater than 100m and up to 1m in depth (Gurnell, 1998). If
active for an extended period of time, channels may become downcut and serve as a
permanent stream. This typically acts as a short diversion from normal streamflow,
rejoining the channel shortly downstream, but may result in a drastic change in channel
composition in some cases (Woo and Waddington, 1990). A species reintroduction
project in Tierra del Fuego, highlights the potential large scale impacts of beaver activity
and is described below.
In 1946, 25 pairs of North American beavers (Castor canadensis) from Canada
were introduced to the Argentinian side of Tierra del Fuego (Jaksic et al., 2002). The
population expanded relatively quickly and nearly 91% of streams in Tierra del Fuego
were colonized by 1993 (Jaksic et al., 2002). Beavers eventually crossed waterways
thought to be impassable, spreading beyond Tierra del Fuego to other islands and into
mainland Argentina and Chile. Lizarralde (1993) estimated the beaver population range
to be approximately 7,000,000 ha, with densities of up to 8.5 beavers/km2 (Parkes et al.,
2008). In Chile, beavers, officially labelled as pests since 1992, are blamed for killing
riparian forests and causing millions of dollars of damage to infrastructure (i.e. triggering
road washouts by using culverts as natural dams; Parkes et al., 2008). There have been
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numerous attempts by the Chilean government to manage the beaver population,
including a feasibility assessment for complete eradication (Parkes et al., 2008).
Unlike Tierra del Fuego however, the existence of natural predators in northern
Canada limit beaver population growth. Still, beavers have the potential to spread
rapidly in Canada. Colony sizes have a mean of roughly 5 individuals ( ± 1 SD; Rosell and
Parker, 1995), with dispersal distances of less than ~15km (Leege, 1968), and sites are
typically occupied for less than 6 years (Fryxell, 2001). Johnston and Naiman (1990)
estimated that it would be possible for beavers to colonize roughly as far as 750 km over
a 50 year period.
Beaver populations, which were severely depleted in the 16th to 19th centuries
due to overtrapping, have partially recovered. Almost the entire pre-European contact
range has been reoccupied in North America, but at densities of only one-tenth the
numbers (Butler and Malanson, 2002). Effects are expected to escalate as beaver
populations continue to recover (Butler and Malanson, 2002). Additionally, beavers
prefer fine alluvial materials on low gradient streams for habitat (Gurnell, 1998). This
suggests that the Fort Providence region represents a preferred habitat for beavers, the
result of deposits left by Glacial Lake McConnell. Local residents who travel the land
frequently, worked in association with children from the Fort Providence school system
to identify areas of known beaver activity and their contribution to lake expansion in the
MBS (Pisaric, personal communication; Figure 5.5). In the spring of 2013, data on the
location of beaver activity was collected by the local hunters and trappers and the
school children using handheld GPS units. A small number of lakes from the southern
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Figure 5.5. Beaver activity in the Fort Providence region, as mapped by local residents.
Data from Pisaric (personal communication).
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portion of the MBS were visited during this initial investigation. Unfortunately, at this
point in time, there is not enough data to make reliable conclusions concerning the
extent of beaver activity. As history has shown however, this variable should be
considered seriously as it is a very real and potentially devastating source of landscape
modification.
5.4 Limitations
Data availability and data collection were the largest limitations of this study. For
example, in addition to the limited climate records, data regarding the underlying
discontinuous permafrost (which may be significantly impacted by temperature
changes) and beaver activity provided an inadequate amount of information to support
any conclusions concerning these variables. Additionally, the collection of tree cores was
restricted largely by budget constraints, as it was not possible to access remote
locations for sampling; all sites were located along the highway. This, in combination
with both past and recent fire activity, drastically reduced the number of suitable
sample sites for dendroclimatological analysis.
Decisions regarding the acquisition and processing of imagery restricted the
applications of the data. Although LANDSAT 5 TM imagery best met the requirements
designated for this project, the pixel resolution limited classification accuracy. Imagery
selection was limited due to subjective standards, such as the date range and cloud
cover, which resulted in inconsistent time periods between observations. As a result,
trend magnitude analysis could not be completed. It was also thought that increasing
confidence in the classification of remote sensing imagery was an important factor in
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assessing land cover change, so noise was removed from imagery. This reduced the
ability to detect small changes however.
Finally, as a multidisciplinary study, it was not possible to examine all aspects of
the project in great detail. For example, the accuracy and reliability of remote sensing
results would have been greatly improved with the identification of a true fuzzy
membership threshold value (i.e., the value at which water impacts wood bison
movement). This would have likely required a detailed study of bison tracking and
behaviour in the MBS in combination with measuring real world ground conditions, both
of which were well beyond the scope of this project.
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CHAPTER 6
CONCLUSION
6.1 General conclusions
Results confirm that lake area has steadily increased in the study region at a
statistically significant rate. Remote sensing results also suggest that the observed
changes are not uniform and that the majority of statistically significant change has
occurred in the northern and central regions of the study area, where the majority of
lakes are present. This is potentially a major problem for bison herd management, as
bison are possibly being directed towards the bison management zone to the south of
the MBS. Once in the bison management zone, bison can be shot by hunters or possibly
come in contact with bison from areas to the south that may be infected with
tuberculosis and bovine brucellosis.
Although lake area correlates moderately well with global summer SSTAs as well
as the continental scale PNA pattern, lake variability is in contrast to what has typically
been observed in the literature for high latitude, discontinuous permafrost regions. As
such, it is unlikely that the results from this analysis can be extrapolated beyond the
study area.
Lake expansion is likely the result of a multitude of variables. Non-climatological
influences, particularly an increase in beaver activity, could also be contributors to this
phenomenon. Unfortunately, data regarding these variables are limited for the region
and must be studied in greater detail in order to make informed conclusions.
PDSI reconstructions indicate that climate has increased in variability between
1915 and 2010, resulting in more extreme wet and dry years. Management strategies
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for the MBS should consider that lake area will likely continue expand in the future as
climate variability is expected to increase.
6.2 Future research
The collection of active layer freezing dates may help to better understand yearto-year lake level variability. Long term analysis may provide insight lake growth when
combined with climate data.
While it is believed the ≥0.5 membership results are the best representation of
true conditions, this cannot be confirmed until better quality data is collected. The
methodology used for this study is applicable to a broad range of analyses, however
future work should focus on obtaining true lake area measurements in the field in order
to reliably assess the accuracy of remote sensing results. The identification of historical
water marks (discoloured ground) may also provide insight into the future spatial
distribution of lakes. Additionally, it would be advantageous to extend the temporal
record of imagery. Although there is limited availability, air photos do exist for the study
area.
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Figure D-1. Standardized ring width indices (grey) and mean site chronologies (black) for
white spruce sites based on ARSTAN negative exponential curve standardisation. Sample
depth is indicated in red.
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Figure D-1 (Cont’d). Standardized ring width indices (grey) and mean site chronologies
(black) for white spruce sites based on ARSTAN negative exponential curve
standardisation. Sample depth is indicated in red.

153

40

1.5

30

1

20

0.5

10
0
1900

1925
Year

1950

1975

2000
45
40
35
30
25
20
15
10
5
0

FP11

2.5
2
1.5
1
0.5
0
1850
3

1875

1900

1925
Year

1950

1975

2000
70

FP14

60

2.5

50

2

40

1.5

30

1

20

0.5
0
1850

10
0
1875

1900

1925
Year

1950

1975

Sample depth (# of series)

1875

Sample depth (# of series)

50

2

3
Ring Width Index

60

2.5

0
1850

Ring Width Index

70

FP10

Sample depth (# of series)

Ring Width Index

3

2000

Figure D-1 (Cont’d). Standardized ring width indices (grey) and mean site chronologies
(black) for white spruce sites based on ARSTAN negative exponential curve
standardisation. Sample depth is indicated in red.

154

50

FP16

2.5

40

2

30

1.5
20

1

10

0.5
0
1850

0
1875

1900

1925
Year

1950

1975

Sample depth (# of series)

Ring Width Index

3

2000

Figure D-1 (Cont’d). Standardized ring width indices (grey) and mean site chronologies
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Figure D-2. Standardized ring width indices (grey) and mean site chronologies (black) for
jack pine sites based on ARSTAN negative exponential curve standardisation. Sample
depth is indicated in red.
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Figure D-2 (Cont’d). Standardized ring width indices (grey) and mean site chronologies
(black) for jack pine sites based on ARSTAN negative exponential curve standardisation.
Sample depth is indicated in red.
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