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Abstract 

VEGETATION TRENDS IN WHITEHORSE YUKON, 1984 TO 2009 

 

Dexter J. Kotylak 

Master of Applied Science, 2018 

Environment Applied Science and Management 

Ryerson University 

 

To assess temporal greenness trends at the landscape scale for Whitehorse, Yukon (417 

km2), this study derived a Landsat normalized difference vegetation index (NDVI) time-series 

from 1984 to 2009. Using a greenest annual pixel approach, NDVI trend analysis revealed that 

37% of studied area had significant greening (p<0.05) and that only 1% of the studied land area 

had significant browning. Yearly mean NDVI values declined in drought years and increased in 

years with greater precipitation. Greening pixels were most prevalent in white spruce (Picea 

glauca) and subalpine fir (Abies lasiocarpa) dominant forests, suggesting that increased amounts 

of precipitation and rising temperatures have benefited both species and associated shrub 

communities. Forests where trembling aspen (Populas tremuloides) are dominant displayed the 

least greening, which may be explained by the proliferation of aspen serpentine leaf miner 

(Phyllocnistis populiella), and drought related die-back on south-facing slopes that have become 

warmer across the study period.  
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Chapter 1: Introduction 

Over the past 60 years the Earth’s surface has warmed by approximately 0.12 °C, per 

decade (Stocker et al., 2013). The boreal forests of northwest Canada and Alaska have 

experienced the most pronounced climate warming compared to other forest regions in North 

America (Trenberth et al., 2007). Climate change has already impacted the boreal forest. It has 

been linked to changes in vegetation phenology and productivity (Beck and Goetz, 2011), as well 

as to an increase in the frequency and magnitude of wildfires (Flannigan et al., 2006), insect and 

disease attack (Kurz et al., 2008; Sturrock et al., 2011), and extreme weather events (drought, 

heavy rain, ice storms and heat damage) (Allen et al., 2010). Generally, these effects are 

expected to increase with anticipated climate change projections (Price et al., 2013). Disturbance 

regimes, such as wildfire and insect outbreaks, facilitate regeneration and regrowth of boreal 

ecosystems. However, evidence suggests that pervasive influences of climate change overwhelm 

the boreal forests’ natural adaptive capacity to regenerate, negatively affecting overall forest 

health (Gauthier et al., 2014). In contrast, areas experiencing increased precipitation and 

temperatures are associated with increased productivity in central Canada (Slayback et al., 2003; 

Tucker et al., 2005) and the Arctic tundra (Myneni et al., 1997; Jia et al., 2003; Goetz et al., 

2005). Satellite-derived measurements of forest vigour or vegetation ‘greenness’ can act as a 

metric for forest health (Pettorelli, 2013). Healthy forest stands are represented by more 

‘greenness’ than stressed or disturbed forest stands. Given the spatial extent and remoteness of 

Canada’s boreal forest, the application of remote sensing delivers a method to monitor and 

investigate temporal and spatial trends in boreal forest greenness because of influences from 

climate and more localized ecological disturbance. 
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Whitehorse, Yukon has the highest human population within the territory and is 

predominantly covered by boreal forest. Being one of the largest populations north of 60° in 

Canada, its population will be one of the first to experience high-latitude boreal forest changes. 

This study used remote sensing to map and investigate trends and influences of vegetation 

greenness in Whitehorse, Yukon from 1984 to 2009. The following research questions were 

investigated: 

1. Does a significant vegetation browning or greening trend exist in Whitehorse, Yukon? 

Research has yet to investigate boreal greening or browning trends in southern Yukon at the 

landscape level. Recently, Ju and Masek (2016) developed a Landsat time-series of Canada and 

Alaska from 1984 to 2012. Results show that 29.4% and 2.9% of forested areas, unaffected by 

wildfire, displayed vegetation greening and browning, respectively. Significant trends exist in the 

Whitehorse area, although much of the results are not validated at the landscape level due to the 

large spatial extent of the Ju and Masek (2016) study. Hence, a correlation study, with local 

environmental factors, was used in the present study to understand change at the landscape scale. 

2. Can browning or greening trends be attributed to different vegetation classes, landscape 

positions, or topographic classes? 

Limited research exists on forest ecology using GIS or remote sensing at the landscape scale 

in Yukon. Instead, past research has focused on tree ring analysis at the site or stand scale. At the 

regional scale, climate-biomes or cliomes were developed based on climate data and different 

land classification systems as loosely bounded areas within which management and research are 

possible. For example, Rowland et al. (2016) used climate biomes to project a transition to 

boreal grasslands in southern Yukon. Cliomes differ from ecoregions because they are derived 

from climate data alone (Smith et al., 2004). Landscape scale studies are needed to investigate 
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nuanced changes in vegetation communities (related to physical environmental variables) that 

occurred in the past and may continue in the future.  

3. What are the major drivers impacting brownness and greenness on a landscape scale? 

Natural disturbances and climate influences impact vegetation through complex interactions.  

Drought and insects are important to forest disturbance dynamics (Malmstrom and Raffa, 2000; 

Hogg et al., 2002; Hall et al., 2016). Meanwhile, climate change is linked to changes in boreal 

vegetation (Stocker et al., 2013). Greening or browning trends need to be attributed to specific 

disturbance agents or climate change to adequately create adaptation strategies.  
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Chapter 2. Literature Review 

Designing a remote sensing study involves a complex hierarchy of decisions based upon 

data availability, computational capacity, and analytical techniques as well as an in-depth 

knowledge of what is being researched. Accordingly, forest-focussed remote sensing research 

very broadly aims to: (1) test the applicability of different methodologies and data to answer 

spatial questions about the state of forests; and (2) relate findings by contributing to a broader 

understanding of forests and ecological processes outside of remote sensing. This review 

systematically analyzes academic literature, through a step-by-step discussion of research into 

boreal forest greening or browning at multiple scales, while also providing sufficient context for 

the use of remote sensing in forestry. 

2.1 Study Area 

 The City of Whitehorse is the capital of Yukon Territory and the largest city in northern 

Canada with an area of 417 km2 (Figure 2.1). Conducting remote sensing research within the 

municipal boundary of Whitehorse is complemented by the existence of ancillary data, and local 

expertise, where these benefits are afforded by a comparatively high population density and the 

centre of municipal government. Unlike much of the boreal north that is managed by Federal and 

Territorial/Provincial governments, Whitehorse’s municipal government provides additional 

capacity to manage forests on a much more detailed spatial scale. For example, the City of 

Whitehorse has enacted a Regional Parks Plan in which 30% of the total municipal area will be 

conserved based upon environmental, community and recreation values (City of Whitehorse, 

2014). The Regional Parks Plan has set a decision-making strategy to ensure the parks stay 

“healthy, beautiful and accessible for years to come” (City of Whitehorse, 2014). 
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Figure 2.1: Yukon Territory with Whitehorse study area (magnification). Study area image from Landsat ETM 

scene. 

 

2.1.1 Geography and Climate 

 Whitehorse is a part of the boreal cordillera and is characterized by rolling hills, broad 

valleys and dissected plateaus with topographic relief averaging from 500 to 1500 m above sea 

level (Smith et al., 2004). Coniferous and mixed woodland forests are dominant vegetation 

cover, resulting from the rain shadow effect and forest fire regime. Depending on site 

characteristics, dominant tree species include: lodgepole pine (Pinus contorta), white spruce 

(Picea glauca), trembling aspen (Populus tremuloides), subalpine fir (Abies lasiocarpa) and 

paper birch (Betula papyrifera) (Oswald and Brown, 1986). Other tree species include balsam 

poplar (Populus balsamifera) and black spruce (Picea mariana). Whitehorse was extensively 

glaciated 14,000 years ago (Hughes et al., 1969). Thus, glacial till is widespread throughout the 

region; surface material is course textured and has incorporated little organic matter since the last 



 6 

glaciation, making brunisols the dominant soil type (Davies et al., 1983). Whitehorse is in the 

sporadic discontinuous permafrost zone, where permafrost underlies less than one quarter of the 

landscape (Brown, 1976). Permafrost mainly occurs on north facing slopes and fine-textured 

lacustrine deposits.  

The southern lakes region where Whitehorse is found has a cold continental climate with 

an average yearly temperature of 0 to -2°C and average yearly precipitation of 200-325 mm 

(Smith et al., 2004). Since 1960, annual temperature has increased by 0.4°C per decade and 

precipitation has increased by 1.6 mm per decade (Hennessey and Striecker, 2011). Increases in 

precipitation has mostly occurred in the summer months while most warming has occurred in 

winter. Annual average flow of the Yukon river in Whitehorse has not changed despite 

accelerated melting glaciers in the upper Yukon basin. Climatic trends are provided in Table 2.1. 

Table 2.1: Climatic trends for Whitehorse, Yukon using non-parametric trend analysis  

(Table after Hennessey and Striecker, 2011). 

Climate Variable 1961-1990 2000-2009 Rate of Change 

Annual temperature -1.1 ± 1.2 0.0 ± 0.9 0.4°C/decade 

Winter temperature -15.9 ± 4.5 -13.2 ± 2.5 0.9°C/decade 

Annual precipitation (mm) 268 ± 44 276 ± 46 1.6 mm/decade 

Summer precipitation (mm) 109 ± 38 121 ± 33 2.3 mm/decade 

Annual average flow (m3/s) 244 ± 31 239 ± 30 0 m3/s per decade 

Frost-free days 144 ± 9 149 ± 8 2 days per decade 

 

2.2 Remote Sensing 

Remote sensing is the acquisition of information about an object or target from a 

distance, where these data are usually collected by sensors mounted on a satellite or aircraft 

(NOAA, 2016). Today, satellite remote sensing provides a consistent and robust method to 

measure and monitor spatial and temporal attributes of forests (Huete, 2012).  It has been 

commonly used for forest management as a method for land classification, forest vigour 
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mapping, vegetation mapping, fire fuel mapping, water stress monitoring and insect infestation 

mapping (Forsythe and Wheate, 2003; Millward and Kraft, 2004; Wang et al., 2010). 

2.2.1 Early Remote Sensing 

Remote sensing has been actively applied to monitor the state of forests since the early 

20th century (Murtha, 1969). The earliest recorded application in Canada was described by Craig 

(1920) who mapped forest discoloration from spruce budworm defoliation during an aerial 

survey of northern Ontario. Much of the early forest inventory techniques in the 1920s and 1930s 

relied heavily on black and white photography (Murtha, 1972). In 1933, near-infrared sensitive 

film was demonstrated to unequivocally identify diseased parts of a leaf, otherwise scarcely 

visible to the unaided eye (Bawden, 1933). This was consistent with earlier European literature 

(Willstatter and Stoll, 1913) that suggested this potential. Colwell (1956) determined near-

infrared film was the most practical for insect and disease detection in forests. Over the next 

several decades, numerous other studies compared the applications and usefulness of false-

colour, colour and near-infrared sensitive films (Murtha, 1969).  

Early glimpses of the Earth’s surface resulted from meteorological satellites and manned 

spacecraft missions: Television and Infrared Satellite-1960 and Mercury Space Mission-1961 

(Lillesand et al., 2015). In the 1960s, USGS director, William Pecora, witnessed how aerial 

remote sensing had vastly expanded knowledge of Earth’s resources and anticipated a time when 

Earth observation satellites would be routinely used to monitor physical and biological 

conditions on the Earth’s surface (Pecora, 1967). Though, not until well into the Landsat satellite 

program (beginning in 1972 and continuing to the present) was satellite imagery frequently 

applied in forestry studies. 
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2.2.2 Satellite Resolution 

 A basic knowledge of resolution is fundamental to understanding practical and 

conceptual qualities of remotely-sensed data. In remote sensing, resolution is the ability of a 

system to capture and display spatial, temporal, spectral and radiometric information (Campbell, 

2007). Spatial resolution refers to individual pixel size, where: coarse resolution systems such as 

Advanced Very High Resolution Radiometer (AVHRR) and Moderate-resolution Imaging 

Spectroradiometer (MODIS) have a pixel spatial resolution of 250 m a side, medium resolution 

systems such as Landsat have a pixel spatial resolution of 30 m a side, and fine spatial resolution 

systems such as light detection and ranging (LIDAR) have a pixel spatial resolution of up to 30 

cm a side. Temporal resolution refers to the revisit time of a satellite or sensor to the same 

location on the Earth’s surface (e.g., Landsat 7 has a temporal resolution of 16 days). Spectral 

resolution is the ability of a sensor to define wavelength intervals within the electromagnetic 

spectrum. For example, hyperspectral imagery can delineate 200 or more divisions, whereas 

multispectral imagery (Landsat sensors) separate spectral information into several bands, only. It 

is important to note, that much of the electromagnetic spectrum is outside of what is considered 

visible light. Patterns and processes on the Earth’s surface that are not visible to the unaided eye 

can be revealed by interpreting multi- or hyperspectral imagery. Radiometric resolution is the 

ability to discriminate different levels of brightness or energy referred to as bits (e.g., with 8-bit 

data, a pixel value can be scaled to 256 grey levels).  

2.2.3 Landsat 

Landsat 1 was the first earth observation civilian satellite launched in 1972. However, 

aerial film photography continued to be the optimal choice for forest monitoring (Gimbarrevsky, 

1984). In the years following the launch of Landsat 1, scientists were successful in using satellite 
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imagery to classify broad vegetation types (Nielsen, 1974), forest growth stages (Lee, 1974), 

insect infestations (Beaubien and Jobin, 1974), and storm damage (Moore, 1974). Given limited 

computing power at the time, early Landsat studies concerning forests largely relied on 

qualitative (visual) interpretations of imagery (Beaubien, 1986). Each Landsat mission built on 

the subsequent one, with mission objectives becoming sequentially more detailed. Since 1972, 

the Landsat program has launched six more satellites (Table 2.2). Landsat Thematic Mapper 

(TM) and Enhanced Thematic Mapper Plus (ETM+) have identical band designations and 

resolution facilitating cross sensor calibration. Imagery from these two satellites will be used in 

this study.   
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Table 2.2: Landsat satellites and characteristics (Table source: http://landsat.usgs.gov). 

Satellite   Bands 

Spectral  

Resolution (μm) 

 

Spatial  

Resolution (m) 

Radiometric 

Resolution 

Temporal 

Resolution 
Acquisition 

Years 

Landsat 1-3     6 bits 16-18 days 1972-2001 

Multispectral Band 1 0.5–0.6 (green) 60     
Scanner  Band 2 0.6–0.7 (red) 60     

(MSS)  Band 3 0.7–0.8 (NIR) 60     
   Band 4 0.8–1.1 (NIR) 60     
          
Landsat 4-5     8 bits 16 days 1984-2012 
Thematic Band 1 0.45–0.52 (blue) 30     
Mapper  Band 2 0.52–0.60 (green) 30     
(TM)  Band 3 0.63–0.69 (red) 30     
   Band 4 0.76–0.90 (NIR) 30     
   Band 5 1.55–1.75 (SWNIR) 30     
   Band 6 10.40–12.50 (thermal) 120     
   Band 7 2.08–2.35 (SWNIR) 30     
          
Landsat 7     8 bits 16 days 1999-ongoing 

Enhanced Thematic 

Mapper(ETM+) 

Band 1 0.45–0.52 (blue) 30     
Mapper Plus  Band 2 0.52–0.60 (green) 30     
(ETM+)   Band 3 0.63–0.69 (red) 30     
   Band 4 0.76–0.90 (NIR) 30     
   Band 5 1.55–1.75 (NIR) 30     
   Band 6 10.40–12.50 (thermal) 60     
   Band 7 2.08–2.35 (mid-NIR) 30     
   Band 8 0.52–0.90 (panchromatic) 15     
          
Landsat 8     12 bits 16 days 2013-ongoing 
Operational Land Band 1 0.43–0.45 (aerosol) 30     
Imager  Band 2 0.45–0.51 (blue) 30     
(OLI)  Band 3 0.53–0.59 (green) 30     
   Band 4 0.64–0.67 (red) 30     
   Band 5 0.85–0.88 (NIR) 30     
   Band 6 0.85–0.88 (SWNIR) 30     
   Band 7 2.11–2.29 (SWNIR) 30     
   Band 8 0.50–0.68 (panchromatic) 15     
   Band 9 1.36–1.38 (cirrus) 30     
   Band 10 10.60–11.19 (longwave) 100     
    Band 11 11.50–12.51 (longwave) 100     

 

The Landsat series of satellites is optimal for forestry studies for three reasons (Banskota 

et al., 2014). First, Landsat has a large historical archive spanning over 40 years (Goward et al., 

2006). Second, Landsat has a medium spatial resolution (pixels 15-30 m a side) and temporal 

repeat frequency of 16 days that permits the incremental detection of changes on the Earth’s 

surface over a relatively short time span (Wulder et al., 2008a). Third, an open data policy in 

2008, offering data free-of-charge, and ever-increasing computational power is making satellite 
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remotely sensed data increasingly accessible (Wulder et al., 2012). Moreover, Townshend and 

Justice (1988) describe the Landsat series of satellites as ideal for capturing and characterizing 

forest details from natural and anthropogenic disturbances. 

2.2.4 Vegetation Indices 

 Spectral indices, spectral variables or vegetation indices, hereafter referred to as VIs, are 

combinations of spectral bands that are added, divided or multiplied to highlight specific 

attributes (Huete, 2012; Banskota et al., 2014). In the present research, VIs were used to extract 

information about green foliage, forest structure and moisture status by relating pixel values to a 

forest characteristic (see Wang et al., 2010). VIs are often used as preprocessed data for 

regression and other data analysis in bi-temporal change detection or time-series analysis. 

Multiple VIs exist and some have been used for over 30 years (Huete et al., 2013).  

2.2.4.1 Ratio Indices: Normalized Difference Vegetation Index (NDVI) 

Ratio indices use two spectral bands in a ratio to contrast an absorbing feature with a non-

absorbing reference feature (Huete et al., 2013). The first VI was a simple ratio of near-infrared 

and red bands (Birth and McVey, 1968).  However, the simple ratio was strongly affected by soil 

reflectance in regions of low-biomass. Thus, Rouse et al. (1973) developed a modification of the 

simple ratio, that reduced sensitivity to soil reflectance, known as the normalized difference 

vegetation index or NDVI (as shown in equation 1). Tucker (1979) confirmed a significantly 

reduced sensitivity to soil reflectance in NDVI by comparing red and near-infrared vegetation 

reflectance across handheld spectrometers and satellite imagery. Today, NDVI continues to be 

the most commonly used VI (Kasischke et al., 2004).  
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The equation for NDVI is:  

 

NDVI =
near−infrared − red

near−infrared + red
                                                        (1) 

 

NDVI is effective at identifying vegetation vigour, and can be a proxy for live biomass presence, 

because plant pigments absorb most red light with chlorophyll and reflect most near-infrared 

light with mesophyll tissue (Lillesand et al., 2014) (Figure 2.2).  

 
Figure 2.2: NDVI calculation for healthy vegetation (left) and stressed vegetation (right). Healthy 

vegetation absorbs incoming red light while reflecting infrared light. Stressed vegetation reflects more red light 

and less infrared light. (Diagram after: NASA, 2017) 

 

NDVI values range from +1.0 to -1.0. Green leaves of deciduous trees, and conifer 

needles, absorb visible light (especially in the red portion of the electromagnetic spectrum) and, 

therefore, have high NDVI values. In contrast, bare ground, snow and concrete have lower NDVI 

values, sometimes close to zero (Neigh et al., 2008). Water has NDVI values that are often 

negative. NDVI has proven successful in measuring vegetation vigour and density, although it is 
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somewhat impacted by atmospheric and soil influences (Schroeder et al., 2011). McManus et al. 

(2012) measured an increase in NDVI in the boreal-tundra ecotone in northern Quebec indicating 

increases in peak growing season leaf area. NDVI has also been useful in measuring drought 

(Wang et al., 2010; Zhang et al., 2013). For example, Nemani and Running (1989) estimated 

drought and evapotranspiration using a bi-variate regression between land surface temperature 

and NDVI. Furthermore, effects of drought or foliar moisture have been regularly monitored by 

the US Forest service to assess fire danger (Burgan et al., 1996). Moreover, NDVI has been used 

successfully in aboveground biomass estimation in both boreal forests (Dong et al., 2003) and 

tundra environments (Epstein et al., 2012). Laidler et al. (2008) used field plots, Landsat and 

IKONOS data to map percent vegetation cover in tundra environments. Jia et al. (2003) 

quantified changes in biomass resulting from NDVI trends in Alaska. Jia et al. (2003) and 

Epstein et al. (2012) found a logarithmic relationship between NDVI and biomass. Biomass 

estimation with remote sensing techniques becomes more challenging with increasing forest 

stand complexity and varying environmental conditions (Lu, 2006). 

2.2.4.2 Tasseled Cap Transformation 

Data transformations are less affected by atmospheric effects and sometimes applied 

because of high variation between satellite-derived spectral indices and on-the-ground 

measurements (Huete et al., 2012). Tasseled cap transformation (TCT), a data transformation 

technique, is the reduction of reflectance bands (usually applied to Landsat data) to three 

orthogonal bands referred to as brightness, greenness and wetness (Kauth, 1976). The TCT is 

visualized in Figure 2.3.  
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Figure 2.3: Tasseled Cap Transformation (TCT): orthogonal transformation of multiple spectral bands 

into three tasseled cap bands indicative of greenness, brightness and wetness.  

 

Brightness, the weighted sum of all six reflective bands, is associated with soil 

characteristics, such as soil texture and moisture (Crist et al., 1986). Furthermore, TCT 

brightness has demonstrated high sensitivity to forest disturbances including drought and insect 

infestations (Hais et al., 2009). Greenness displays the contrast between all visible bands and 

near-infrared bands, placing emphasis on the blue band (Crist and Cicone, 1984). Thus, it 

correlates well with plant adsorption of visible light and reflectance of near infrared light and has 

been used to measure canopy cover, leaf area index and fresh biomass (Wang et al., 2010). The 

third TCT output, wetness, contrasts the sum of visible and near-infrared bands with the sum of 

longer infrared bands and displays plant and soil moisture characteristics (Crist and Cicone, 

1984).  

The disturbance index (DI) is a combination of all tasseled cap transformations (Healy et 

al., 2005). The equation for DI is: 

DI = Brightness − (Greenness +Wetness)                 (2) 
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DI assumes that disturbed forest has high brightness and low greenness and wetness values 

compared to undisturbed forests. DI has been shown to correlate well with forest disturbance in 

boreal Russia (Healey et al., 2005). Moreover, DI is particularly useful in quantifying insect 

infestations (Hall et al., 2016). Derose et al. (2011) mapped spruce bark beetle mortality in Utah 

using four Landsat images and DI. Overall accuracy ranged from 59% to 71% when compared to 

tree cores extracted from 131 sites. Additionally, Hais et al. (2009) accurately differentiated bark 

beetle and clear-cut disturbances using DI in central Europe. 

2.2.4.3 Using Multiple Vegetation Indices (VI) 

Using multiple VIs allows for enhanced characterization of forest attributes and limits 

background interference from soil and atmospheric reflectance (Huete et al., 2013). For example, 

Hart and Veblen (2015) characterized spruce bark beetle attack in Colorado, with an overall 

accuracy greater than 88%, by using DI and NDVI in image classification. Spruce bark beetle 

mortality was identified by combining high DI values and low NDVI values as input to image 

classification. In a meta-analysis of Landsat imagery, Masek et al. (2008) found disturbance rates 

of 2-3% per year from 1990-2000 in Canada and the USA. They classified disturbance using 

Landsat surface reflectance data as well as both NDVI and DI. Specifically, NDVI was used to 

distinguish forested areas, while DI was used to distinguish insect, wildfire and clear-cut 

disturbances. 

2.2.5 Landsat Time Series 

Landsat Time Series (LTS) is a method by which a stack of Landsat images is used to 

gather information about how a single pixel within the stack of images changes overtime 

(Kennedy et al., 2007). Therefore, trends can be established by isolating specific spectral 

qualities and using robust statistical methods, such as regression; trends can be related to 
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continuous and discontinuous changes in forest attributes in both positive and negative directions 

(Kennedy et al., 2014). LTS methods provide a more detailed understanding of the complexity of 

forest disturbance and dynamics than comparing two discrete points in time, i.e., bi-temporal 

change methods (Cohen et al., 2010; Wulder et al., 2012). Until recently, many studies relied 

upon the bi-temporal change approach that uses differences between two images to detect change 

(Coppin et al., 2004). This method successfully identifies changes in state, but is limited in its 

ability to establish trends.  

LTS is much more robust and comprehensive for most forest change applications. 

However, interpreting trends requires careful deliberation given a large spatial and temporal 

extent; as well as it can be challenging to isolate, and follow, specific forest attributes (Banskota 

et al., 2014). Errors found in the analysis of LTS using VIs that use the near-infrared and red 

bands such as NDVI (Sulla-Menashe et al., 2016) were credited to several factors: subtle 

variance in the near-infrared band in Landsat TM 5; differences in viewing geometry between 

eastern and western portions of Landsat scenes; and modest differences in red-band reflectance 

over dark surfaces between Landsat TM 5 and Landsat ETM+ 7. Sulla-Menashe et al. (2016) 

emphasize the importance of data collection and investigation of other VIs not derived from 

infrared and near-infrared bandssuch as the use of TCT. 

Use of VIs and LTS in forest health studies is ubiquitous (Jones and Vaughn, 2010; 

Huete et al., 2012) Furthermore, LTS is rapidly becoming the choice method for forest change 

analysis (Banskota et al., 2014). For example, Hermosilla et al. (2015) analyzed spectral trends 

using a breakpoint algorithm in LTS at the regional level for Saskatchewan to successfully detect 

forest changes (92.2% overall accuracy) attributed to abiotic, biotic and human disturbances. 

They distinguish stand-replacing disturbance (insect infestation, disease and drought) from non-
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stand replacing disturbances (urbanization, transportation infrastructure, and timber harvesting). 

Moreover, Pickell et al. (2015) examined the performance of different indices, including NDVI 

and TCT, on boreal forest recovery trends in LTS. NDVI and TCT greenness were related to 

early stage forest regeneration characterized by an abundance of deciduous shrubs or leafy 

vegetation. Moreover, TCT wetness and brightness can provide further details about increases in 

vegetation structure and complexity (Frazier et al., 2015).  

2.3 Forest Vigour 

The concept that vegetation communities respond to climate has existed since the early 

19th century (Clements, 1936). Remote sensing has identified changes in NDVI in boreal and 

Arctic regions because of a changing climate (Goetz et al., 2005). In the present study, forest 

vigour will be defined using NDVI as a surrogate of photosynthetic activity and green leafy 

biomass or greenness. Therefore, forest vigour can be impacted by various disturbances. 

Disturbances can be broadly classified into stand replacing and non-stand-replacing disturbances 

(Hermosilla et al., 2015). Stand replacing disturbances eliminate a forest stand completely (e.g., 

wildfire, urbanization and tree harvesting). This research focuses on non-stand replacing 

disturbances. Non-stand replacing disturbances are more gradual changes to forest health, and 

can be organized into abiotic and biotic disturbances.  

2.3.1 Abiotic Disturbances 

Climate impacts forest directly through precipitation and temperature and indirectly 

through the effects of disturbances (Price et al., 2013). Abiotic influences include subtle changes 

to precipitation and temperature regimes, wildfires and extreme weather events (drought, heavy 

precipitation, ice storms and wind storms) (Myren, 1994). Drought is the most detrimental 

abiotic disturbance to forest health and poses a significant threat to boreal ecosystem functions, 
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particularly in dry climatic regions (Hogg and Bernier, 2005; Allen et al., 2010). Although 

annual precipitation is generally expected to increase in the Canadian boreal forest, this must be 

balanced against increased evaporative demand driven by higher temperatures, as well as more 

frequent heavy precipitation events and droughts (Price et al., 2013). The aggregate effects can 

result in moisture deficits for plants that occupy dry sites on south-facing slopes or in large rain 

shadows. For example, trembling aspen die-back due to drought stress has been identified as a 

major forest health concern and is becoming more common in Yukon (Yukon Energy, Mines and 

Resources, Forest Management Branch, 2014). Also, drought can weaken tree defenses thus 

facilitating the onset of insect or disease infestation (Anderegg et al., 2015). 

Gradually increasing temperature has detrimental impacts on the boreal forest. For 

example, regional decline of permafrost and deepening of the soil active layer are likely to 

increase drainage altering soil water storage and water availability for plants (Bunn et al., 2007).  

Regional river discharge in the Arctic and Subarctic display varying results; generally decreasing 

in North America and increasing in Eurasia (Peterson et al., 2006). This has likely caused 

widespread decreases in plant available moisture (Bunn et al., 2007). Moreover, the response of 

individual plants to increased temperatures is complex (Kramer and Kozlowski, 1979). In critical 

high temperatures, plant respiration increases and photosynthesis decreases. Declines in spruce 

tree growth in Alaska and northwestern Canada may be due to temperature-induced drought, 

stress caused by increased evapotranspiration demands (Barber et al., 2000; Lloyd and Fastie, 

2002). 

2.3.2 Biotic Disturbances 

Forest insect pests can be categorized as bark beetles and defoliators (Anderegg et al., 

2015). Bark beetles are strongly influenced by climate in various ways. For example, larval 
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growth and development quickens in favourable warmer temperatures and moderation of winter 

temperatures can increase winter survivorship (Bentz et al., 2010). Bark beetles induce tree 

mortality by inhibiting the flow of nutrients as larval feeding and growth of fungal associates 

occurs in tree phloem tubes. Spruce beetles (Dendroctonus rufipennis) are the most damaging 

pest to mature spruce forests in Yukon and western North America (Berg et al., 2006). 

Defoliators damage trees by feeding on leafy tissue and reducing net primary production. 

Defoliators are also influenced by climate. Phenological processes (larval emergence) must be 

synchronized with physiological events of the host tree, such as bud burst, to enable peak 

defoliator survivorship (Van Asch and Visser, 2007).  

2.3.3 Cumulative Effects 

Disturbance regimes in the boreal forest are complex and interconnected. For example, 

between 1990 and 2013 southwest Yukon experienced a spruce bark beetle (infestation that 

produced over 400,000 ha of white spruce mortality (Yukon Energy, Mines and Resources, 

Forest Management Branch, 2009). Host tree defenses were initially weakened by a multi-year 

regional drought that allowed spruce bark beetle populations to exceed endemic levels and start 

attacking healthy trees. Large contiguous areas of weakened or damage trees create favorable 

habitat for the spruce beetle allowing populations to exponentially increase (Berg et al., 2006). 

Subsequently, numerous spruce beetles can overcome the defenses of even healthy trees. 

Additionally, the unprecedented outbreak contributed to a greatly increased fire hazard by 

increasing fuel load (dead, dry trees) (Garbutt et al., 2006).  

2.3.4 Regional Scale Forest Vigour 

 The first investigations into boreal forest vigour occurred at large regional scales. In 

Landsat remote sensing studies regional scale generally refers to large swaths of land; countries, 
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biomes and states or provinces. Increased photosynthetic activity of vegetation in the northern 

high-latitudes has been associated with warmer temperatures and longer growing seasons 

(Keeling et al., 1996). This phenomenon—greening—was first investigated with remotely 

sensed data and the derivation of NDVI by D’Arrigo et al. (1987), who postulated that seasonal 

increases in CO2 amplitudes were the result of northern latitude greening. Their study utilized 

NDVI from course spatial resolution AVHRR satellite imagery (pixels: 250 m a side) to model 

atmosphere-vegetation CO2 exchange. Building on this study, Myneni et al. (1997) found similar 

results by using the Global Inventory Modeling and Mapping Studies (GIMMS) NDVI data set 

from the AVHRR satellite to investigate regional NDVI trends throughout the northern 

hemisphere. Increasing NDVI trends were prominent in northwestern Canada and Alaska from 

1981 to 1991. In a study comparing NDVI trends in Eurasia and North America, Zhou et al. 

(2001) first mentioned declining NDVI trends—browning—in the boreal forests of Alaska and 

northwest Canada. Research suggests that this browning was a result of wide-spread 

temperature-induced drought (Barber et al., 2000).  

High-latitude NDVI trends are inconsistent in time or space (Goetz et al., 2005). GIMMS 

North American NDVI trends per land cover, temperature, and wildfire maps revealed that 

increased photosynthetic activity from warming and lengthened growing seasons only accounted 

for 7% of greening occurring mostly in tundra. Furthermore, some coniferous forested areas 

unaffected by fire in northwestern Canada and Alaska experienced browning, a decline in 

photosynthetic activity. Therefore, it can be stated that deciduous herbaceous vegetation in 

tundra areas and coniferous vegetation in forested areas are not consistent in their responses to 

environmental change (Reich et al., 2004). This was confirmed by research focused on interior 

Alaska that showed no significant trends between declining NDVI and temperature or 
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precipitation at the regional scale (Verbyla, 2008). However, further analysis included 

meteorological and MODIS data to conclude that net primary productivity is generally increasing 

in tundra regions and decreasing in the boreal forests of North America and Eurasia (Bunn and 

Goetz, 2006). Moreover, that potential benefits from increases in growing season length could be 

offset by a positive trend in vapour pressure deficit resulting in moisture stress for many plants. 

Thus, NDVI trends are largely dependant on plant species and site specific environmental 

conditions.  

In contrast, Alcaraz-Segura et al. (2010) argued that browning trends can be attributed to 

errors in the GIMMS-NDVI dataset. More specifically that the GIMMS-NDVI dataset did not 

capture post-wildfire forest regeneration. Studies validating browning trends were summarized 

by Verbyla (2011). Boreal browning was found to be similar across other satellite sensors, 

including MODIS (Beck and Goetz, 2011) and Landsat (Parent and Vebyla, 2010). Furthermore, 

declining NDVI trends were consistent with tree-ring studies (D’Arrigo et al., 2004; McGuire et 

al., 2010; Beck et al., 2011; Berner et al., 2011). Though there is some disagreement due to data 

related errors and spatial variability in trends, the weight of evidence supports that browning 

trends exist in some coniferous areas of the boreal forest dependent upon site-specific 

enivironmental variables.  

 In a circumpolar tree-ring study, evidence suggests that a negative relationship between 

warmer temperatures and tree growth occurs more frequently on warmer sites from direct 

temperature stress (Lloyd and Bunn, 2007). Additional studies comparing tree ring data sets and 

NDVI show summer temperature to be more influential than the length of growing season on 

boreal forest vigour (Kaufmann et al., 2004). More recently, a comparable browning trend in the 

enhanced vegetation index (EVI), which is less affected by atmospheric influences, was found in 
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interior Alaska (Potter, 2014). The overall regional scale boreal browning trend can be attributed 

to increased drought stress and attack from insects and disease (Barber et al., 2000; Malmstrom 

and Raffa 2000; Verbyla, 2011). 

Wylie et al. (2008) developed a method to monitor ecological change that distinguishes 

between climate influences and natural disturbances. Their study integrated topographic, 

meteorological and GIMMS-NDVI data to assess ecosystem performance in Yukon River Basin, 

Alaska. Underperforming (browning areas) were associated with recent fires or insect 

infestation, while over-preforming (greening areas) were associated with older fire regeneration 

areas with large deciduous components. A latter study utilized similar methods, replacing 

GIMMS NDVI with MODIS-NDVI, to establish baseline conditions and subsequently model 

future ecosystem performance throughout the Yukon River Basin in Canada and Alaska (Wylie 

et al., 2014). Results suggest that deciduous components have higher ecosystem performance 

and that by 2070 changes in disturbance regimes will lead to an increased deciduous component 

throughout the Yukon River Basin.  

At the regional scale, investigations into boreal forest vigour most frequently use course 

spatial resolution satellites such as MODIS and AVHRR (pixel: 250 m a side) (Bunn et al., 

2007). This was most likely because of limited computing power early-on and easily accessible 

and standardized NDVI datasets (GIMMS). More research into the mechanisms that drive 

gradual disturbance at multiple scales (e.g., insect infestation, drought, and responses to shifts in 

climate) is required to improve our understanding of forest vulnerability and resilience (Sharik et 

al., 2010). Also, disturbance needs to be studied at scales refelective of management areas, so 

results can be applied to land-use and forest management plans (Ogden and Innes, 2008). 
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2.3.5 Landscape Scale Forest Vigour  

Remotely sensed data, and associated analytical approaches, are very useful in measuring 

landscape level forest vigour. Numerous studies compare vegetation indices to detect different 

disturbances and characterize forest decline and recovery (Wang et al., 2010; Hall et al., 2016). 

Landscape scale refers to “spatially explicit patterns of landscape mosaics and interactions 

among their elements, primarily at the scale of kilometers” (Wiens et al., 1993, p. 369).  

Investigation into boreal greening and browning at smaller landscape scales provides a 

more detailed understanding of climatic and ecological drivers. To validate NDVI greening 

observed in satellite imagery, encroachment of deciduous shrubs at forest-tundra ecotones was 

documented with repeat aerial photography from 1949 to 2000 in northern Alaska (Sturm et al., 

2001). Changes in forest productivity in Alaska are consistent with a biome shift (Beck et al., 

2011). Drought-induced browning of interior forests and tundra-forest ecotone greening were 

established by correlating GIMMS-NDVI data with tree-ring data at the landscape level. The 

Beck et al. (2011) study concluded that ecological responses were not homogenous and future 

extents of the boreal biome will be defined by the rate of climate change and habitat availability. 

 Excluding wildfire, the most detrimental disturbances to boreal forests are insect 

infestations and drought (Price et al., 2013). Over the last 20 years there have been large 

increases in climate-driven bark beetle activity in British Columbia, Yukon and Alaska (Carrol et 

al., 2003; Berg et al., 2006).  Although many regional remote sensing studies in the boreal north 

deduce insect activity to be an important driver of browning, landscape extent studies often 

overlook insect or bark beetle outbreaks (Malmstrom and Raffa, 2000). Most of the beetle 

outbreak research has monitored mountain pine beetle outbreaks in BC or in the northwest 

United States (Franklin et al., 2003; Senf et al., 2015). Moreover, climate data is rarely 



 24 

incorporated into boreal vigour studies. Verbyla (2015) suggests that regional drought was the 

largest controller of peak summer NDVI between 2000 and 2014. Using precipitation and 

temperature data from 26 climate stations between the Brooks and Alaska Range in interior 

Alaska, his research reported a decline in peak NDVI across all sites that experienced regional 

drought. However, NDVI trends were not correlated to yearly site specific moisture indices 

formed with temperatures and precipitation data. This was related to a lag in the vegetation 

response, by one to two years, to precipitation and temperature (Barber et al., 2000; Juday et al., 

2014; Walker and Johnstone, 2014).  

In a research forest near Fairbanks Alaska, Baird et al. (2012) examine decline in forest 

vigour according to different landscape positions, topographic classes and vegetation categories. 

This was study used 30 m spatial resolution Landsat images from 1986 to 2009. A decline in 

forest vigour or NDVI was consistent across classes and landscape positions. This was attributed 

to change in regional climate gradients as opposed to site specific features. Additionally, 

deciduous stands had consistently higher NDVI values, and the only positive NDVI trends were 

on recently burned sites. Similarly, Walker and Johnstone (2014) found a negative relationship 

between temperature and black spruce tree growth across microclimates indicative of regional 

drought stress. Furthermore, a regional scale investigation of NDVI according to vegetation 

classes in the boreal forests of Siberia showed highest NDVI decline in spruce dominated forests 

and highest NDVI increase in deciduous dominated forests (Miles and Esau, 2016).  

At finer scales, Esau et al. (2016) analyzed trends in NDVI associated with rapid 

urbanization on coarse spatial resolution MODIS images (pixels: 250 m a side) from 28 small 

cities in West Siberia. They found large reductions in NDVI values in newly developed areas and 

an overall browning trend in forests surrounding cities within the boreal ecosystem. Furthermore, 
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urban areas displayed the most rapid post-disturbance greening. However, it is unclear how these 

authors discriminated between natural and human disturbances. Natural disturbances were 

malgamated into human disturbances because natural disturbances were minimal compared with 

urbanization and intensive oil and gas development. Complex results from multiple studies at the 

landscape level increasingly demonstrate the heterogeneity of disturbance and climatic 

influences on forest vigour.  

2.3.6 Stand Scale Forest Vigour 

It is challenging to differentiate disturbance types and climatic influences at the landscape 

level without knowledge of ecology at the stand and individual tree scale (Price et al., 2013). 

Research at this scale uses empirical methods. Research site-specific to Yukon predominantly 

examined tree-ring and species inventory metrics (Hogg and Wein, 2005; Berg et al., 2006; 

Griesbauer and Green, 2012; Conway and Danby, 2014; Paudel et al., 2015). 

2.3.6.1 Spruce Species (white spruce, black spruce) 

 Research on Yukon spruce stands focused on insect infestations and temperature-growth 

relationships. Spruce bark beetle is the most damaging forest pest in Yukon (Garbutt et al., 

2006). Tree ring analysis revealed that several stands in southwest Yukon displayed rare 

occurrences of stand-thinning spruce bark beetle infestation over the last 250 years because fire 

and cold temperatures have strongly regulated spruce beetle populations in the past (Berg et al., 

2006). However, large scale spruce bark beetle outbreaks have become more common, mostly 

attributable to a changing climate (Garbutt et al., 2006).   

Barber et al. (2000) found a strong and consistent negative correlation between annual 

radial growth and increasing temperatures from 1906 to 1998 for white spruce across Alaska. 

Also, temperature-induced drought stress disproportionately affected the most vigorously 
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growing trees, thus revealing that climate warming may limit carbon uptake by trees in northern 

latitudes. Spruce stands at the wettest sites are least affected by warming temperatures (Lolyd 

and Fastie, 2002). Work by D’Arrigo et al. (2004) describes a summer temperature threshold for 

white spruce radial growth decline near Dawson City, Yukon. Temperatures have exceeded 

optimum physiological conditions since the 1960s resulting in growth decline. Sites in other 

parts of Yukon similarly demonstrate a negative relationship between warmer temperatures and 

spruce growth, although drought was found to be the dominant limiting factor (Miyamoto et al., 

2010). In the same study, spruce trees at high elevation sites (cooler temperatures) displayed 

positive-growth relationships with warmer temperatures because they are already at the 

altitudinal edge of their range and any increase in growing season length is conducive to growth.  

More recently, high-elevation white spruce has displayed greater sensitivity to 

precipitation and a lessening of increased-growth responses to temperature (Griesbauer and 

Green, 2012). The white spruce climate-growth relationship is complex (possibly opposite) 

depending on environmental conditions. Youngblut and Luckman (2008) reconstructed June/July 

temperatures dating back to 1648 AD in southwest Yukon. These authors found that decline in 

tree growth was not correlated to warming in the 20th century. Furthermore, Griesbauer and 

Green (2012) determined that drought (reduced rainfall) is the dominant growth-limiting factor 

in southern Yukon, whereas snowfall and temperature are more influential in southern and 

northern regions. No negative correlation between temperature and growth in southern Yukon 

has been established, but the relationship between temperature and drought is complex and 

interconnected. A similar complexity between climate and spruce growth exists in the 

mountainous terrain of Alaska (Juday et al., 2015). Temperature-induced drought has been the 

dominant growth limiter throughout most stand scale studies in southern Yukon.   
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2.3.6.2 Deciduous Species (trembling aspen, balsam poplar) 

 Deciduous trees are becoming more prominent than coniferous species after forest 

disturbance events in Yukon. Near Whitehorse, previously burned (1958) mixed-wood valleys 

show a disproportional regeneration of trembling aspen compared to white spruce, resulting in 

uneven-aged aspen-grassland-forest closely resembling the aspen-parkland along the northern 

edge of Canadian prairies (Hogg and Wein, 2005). Furthermore, tree ring analyses revealed both 

trembling aspen and white spruce growth were strongly influenced by the amount of 

precipitation, and duration of drought. Thus, a warmer and drier climate may be creating a 

decrease in forest cover. More frequent droughts may contribute to aspen-dieback as seen in 

aspen-parkland in Alberta and small Yukon stands (Hogg et al., 2002; Yukon Energy, Mines and 

Resources, Forest Management Branch, 2015). A post-burn study north of Whitehorse revealed 

an increased prevalence of trembling aspen on warmer sites (lowland and south-facing slopes) 

previously dominated by white spruce (Johnstone et al., 2010). Similarly, trembling aspen and 

balsam poplar proliferated on warm sites and were found to occupy more sites after the large 

spruce bark beetle disturbance in southwest Yukon (Paudel et al., 2015). 

There is recent dendrochronological evidence of the advance of aspen ecotones into 

grasslands in southwestern Yukon (Conway and Danby, 2014). Using repeat-coverage aerial 

photography and a time-series of satellite imagery, Conway (2012) illustrates increased grassland 

fragmentation by trembling aspen forest in the Kluane region. Unlike the southern boreal forest 

experiencing massive aspen die-back (Michaelian et al., 2011), areas in the northern boreal forest 

may be experiencing an increase in aspen recruitment. Aspen and spruce have been shown to 

respond inversely to temperature and precipitation; aspen preferring warmer and drier sites, 

while spruce preferring cooler and wetter sites (Drobyshev et al., 2013). Generally, there is an 
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increase in trembling aspen on sites formally occupied by spruce species after disturbances. 

However, under certain circumstances, changing site specific variables have promoted aspen 

range expansion into grasslands or drought-related mortality on dry sites (aspen die back). More 

research is needed to explain the drivers of trembling aspen recruitment and die-back. 

2.4 Summary 

 Interactions between climate or forest disturbance and vegetation greening or browning 

are very complex and spatially heterogeneous across northern landscapes (Price et al., 2013; Ju 

and Masek, 2016). Climate influences can produce opposing results at the landscape scale in the 

same tree species due to unique site characteristics at finer scales (Johnstone et al., 2010; 

Griesbauer and Green, 2012).  Furthermore, areas in the boreal forest are experiencing die-back 

or accelerated recruitment of specific species because of drought and disturbance regimes 

(Michaelian et al., 2011; Paudel et al., 2015). In summary, literature investigating forest ecology 

in the boreal forests of Yukon point to shifting tree species and ecotones coupled with altered 

disturbance regimes. Given the accelerated rate of climate change and its predicted impacts on 

the boreal forest (Stocker et al., 2013), it is now more important than ever to begin to understand 

ecological changes necessary for adaptation and management at appropriate scales (Gauthier et 

al., 2014). The use of time-series remotely sensed data, in the form of NDVI, is a robust method 

to gain insights into ecological trends in Yukon at the landscape scale.  
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Chapter 3: Vegetation Trends in Whitehorse Yukon, 1984 to 2009 

 3.1 Research Highlights 

 A prevailing greening trend exists in Whitehorse, Yukon. 

 Overall precipitation and temperature influence yearly mean NDVI values in Whitehorse, 

Yukon. Annual mean NDVI increased in years of increased precipitation and decreased 

in years of drought. 

 White spruce and subalpine fir forests displayed the most greening suggesting that both 

species and associated vegetation cover benefited from increased temperature and 

precipitation in Whitehorse, Yukon. Additionally, more greening pixels were found in 

subalpine white spruce indicative of an early-stage biome shift.  

 Land cover with large trembling aspen components showed no trend and the most 

browning. This is likely a result of a widespread aspen serpentine leaf miner outbreak 

coinciding with the time series as well as drought induced stress on dry southerly sites.  

3.2 Abstract 

To assess temporal greenness trends at the landscape scale for the municipality of 

Whitehorse, Yukon (417 km2), this study derived a Landsat normalized difference vegetation 

index (NDVI) time-series based on annual data acquired for summer months, 1984 to 2009. 

Using a greenest annual pixel approach, NDVI trend analysis of the study area revealed that 37% 

of studied land area had significant greening (positive trend in vegetation growth trajectory) 

(p<0.05) and that only 1% of the studied land area had a significant browning (negative trend in 

vegetation growth trajectory). Yearly mean NDVI values declined in drought years and increased 

in years with greater amounts of precipitation. Greening pixels were most prevalent in white 

spruce (Picea glauca) and subalpine fir (Abies lasiocarpa) dominant forests, suggesting that 
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increased amounts of precipitation and rising temperatures have benefited both species and 

associated understory shrub communities. Forests where trembling aspen (Populas tremuloides) 

are dominant displayed the least greening, which may be explained by the proliferation of aspen 

serpentine leaf miner (Phyllocnistis populiella) across the land area studied, and drought related 

die-back on south-facing slopes that have become warmer across the 25-year study period.  

 3.3 Introduction 

Over the last century, boreal forests of northwest Canada and Alaska experienced the 

most pronounced climate warming compared to other forest regions in North America (Trenberth 

et al., 2007). Climate change has already impacted the boreal forest; it has been linked to 

changes in vegetation phenology and productivity (Myneni et al., 1997; Beck and Goetz, 2011), 

as well as to an increase in the frequency and magnitude of wildfires (Flannigan et al., 2006), 

insect and disease attack (Kurz et al., 2008; Sturrock et al., 2011) and extreme weather events—

drought, heavy rain, ice storms and heat damage (Allen et al., 2010). These phenomena are 

expected to increase under future projections of changes in climate (Price et al., 2013; Gauthier 

et al., 2014). Forest response to climate change has been spatially heterogeneous across the 

Subarctic and Arctic regions. Alaska and part of Yukon have experienced regional ‘browning’ or 

a decrease in productivity (Lloyd and Fastie, 2002; Berner et al., 2011) because of drought 

related dieback (Barber et al., 2000). Whereas increased temperature and precipitation has 

resulted in ‘greening’ or an increase in productivity in other parts of Canada and Alaska’s 

Subarctic and Arctic (Keeling et al., 1996; Sturm et al., 2001; Tape et al., 2006).   

Application of satellite remote sensing has been invaluable to the identification and 

quantification of ecological change, at various temporal and spatial scales (Kerr and Ostrovsky, 

2003). Satellite-derived measurements of vegetation vigour or ‘greenness’ can act as a proxy for 
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forest health and productivity (Pettorelli, 2013). Coarse spatial resolution vegetation greenness 

studies have used Advanced Very High-Resolution Radiometer (AVHRR) satellite data to 

monitor changes in greenness at the continental and global scales, and have provided quantitative 

evidence of widespread increases to vegetation productivity, with some more modest decreases, 

in Arctic and Subarctic regions (D’Arrigo et al., 1987; Goetz et al., 2005; Bunn et al., 2007; 

Lloyd and Bunn, 2007; Verbyla, 2008). Medium spatial resolution Landsat satellite data has been 

used to monitor landscape and regional scale greenness trends at tundra sites (Fraser et al., 

2014), forest tundra ecotones (Oltof et al., 2008; McManus et al., 2012) and across Canada and 

Alaska (Ju and Masek, 2016). Ancillary data such as tree rings, climate data, vegetation 

inventories, topography and soil characteristics have also been used as a complement to remote 

sensing data to further explore the nuances of forest change (Kaufmann et al., 2008; Coops and 

Wulder, 2010; Beck et al., 2011; Berner et al., 2011; Baird et al., 2012; Verbyla 2015). Most 

vegetation studies have occurred at the forest stand level in southwest Yukon focusing on forest 

regeneration after disturbance (Hogg and Wein, 2005; Paudel et al., 2015), and on tree growth 

response to temperature and precipitation (Griesbauer and Green, 2012; Miyamoto et al., 2012). 

This study used Landsat satellite data together with Yukon government forest health 

reports and vegetation inventories to investigate greenness trends in Whitehorse, Yukon from 

1984 to 2009. Correlation of greenness trends with local environmental factors is an important 

area of future research (Ju and Masek, 2016). The objectives of this study were to: (1) determine 

if a regional greening or browning trend exists in Whitehorse, Yukon by using a Landsat 

normalized differenced vegetation index (NDVI) time series; (2) determine if trends can be 

attributed to different vegetation, topographic, and soil moisture regime classes; and, (3) 

investigate how climate influences or disturbance regimes are impacting forest dynamics.   
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3.3.1 Study Area 

 The City of Whitehorse is the capital of Yukon Territory and the largest city in northern 

Canada with an area of 417 km2 (Figure 3.1) Whitehorse is a part of the boreal cordillera 

characterized by rolling hills, broad valleys and dissected plateaus with topographic relief 

ranging from 500 to 1500 m above sea level (Smith et al., 2004). Coniferous and mixed 

woodland forests are dominant vegetation cover, resulting from the rain shadow effect and forest 

fire regime. Depending on site characteristics dominant tree species include: lodgepole pine 

(Pinus contorta), white spruce (Picea glauca), trembling aspen (Populus tremuloides), sub-

alpine fir (Abies lasiocarpa) and paper birch (Betula papyrifera) (Oswald and Brown, 1986). 

Other tree species include balsam poplar (Populus balsamifera) and black spruce (Picea 

mariana). Tree species exist in homogenous stands or in contiguous groups depending on 

environmental characteristics. Whitehorse was extensively glaciated 14,000 years ago (Hughes et 

al., 1969). Thus, glacial till is widespread throughout the region; surface material is course 

textured and has incorporated little organic matter since the last glaciation resulting in brunisols 

being the dominant soil type (Davies et al., 1983). Whitehorse is in the sporadic discontinuous 

permafrost zone, where permafrost underlies less than one quarter of the landscape (Brown, 

1976). Permafrost mainly occurs on north facing slopes and fine-textured lacustrine deposits.  
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Figure 3.1: Yukon Territory with Whitehorse study area (magnification). Study area image from Landsat ETM 

scene. 

   

The southern lakes region where Whitehorse is found has a cold continental climate with 

an average annual temperature of between 0 and -2°C, and annual average precipitation of 

between 200-325 mm (Smith et al., 2004). Since 1960, annual temperature has increased by 

0.4°C per decade and precipitation has increased by 1.6 mm per decade (Hennessey and 

Striecker, 2011). Increases in precipitation have mostly occurred in the summer months while 

most warming has occurred in winter. Annual average flow of the Yukon river in Whitehorse has 

not changed despite accelerated melting glaciers in the upper Yukon basin due to increased plant 

usage and evapotranspiration (Hennessey and Striecker, 2011). Climatic trends are shown in 

Table 3.1. 
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Table 3.1: Climatic trends for Whitehorse, Yukon using non-parametric trend analysis  

(Table after Hennessey and Striecker, 2011). 

Climate Variable 1961-1990 2000-2009 Rate of Change 

Annual temperature -1.1 ± 1.2 0.0 ± 0.9 0.4°C/decade 

Winter temperature -15.9 ± 4.5 -13.2 ± 2.5 0.9°C/decade 

Annual precipitation (mm) 268 ± 44 276 ± 46 1.6 mm/decade 

Summer precipitation (mm) 109 ± 38 121 ± 33 2.3 mm/decade 

Annual average flow (m3/s) 244 ± 31 239 ± 30 0 m3/s per decade 

Frost-free days 144 ± 9 149 ± 8 2 days per decade 

 

 3.3 Methods 

This study builds on conceptual approaches common in NDVI greenness studies using 

simple linear regression, splines and ancillary data to measure trends in vegetation dynamics. 

Specifically, it combines approaches of Ju and Masek (2016) who evaluate linear NDVI trends 

across North America and Baird et al. (2012) who related NDVI trends to landscape units in a 

research forest near Fairbanks, Alaska. The image compositing using greenest annual pixel 

approach, was applied to pre-processed Landsat Ecosystem Disturbance Adaptive Processing 

System (LEDAPS) data. These methods are novel because they allow vegetation greening or 

browning trends to be spatially and temporally correlated to environmental variables at the 

landscape and local scale by combining the use of pre-existing geographic data with satellite 

derived indices. The organizational approach for this study is shown in Figure 3.2. 
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Figure 3.2: Diagram of data collection and processing approach showing the integration of satellite date with 

local and regional environmental variables.  

 

3.4.1 Image Selection and Compositing 

Satellite images were acquired from Landsat TM and ETM+ through the USGS Landsat 

archive via the Google Earth Engine (GEE). GEE is a cloud-based platform allowing free–of–

charge access to petabytes of geospatial data and high-performance computing resources 

(Gorelick et al. 2016). It includes an internet application programming interface (API) as well as 

an interactive development environment (IDE). Users have access to geospatial datasets 

including numerous variations of the Landsat archive (e.g., data processed at different levels, 

indices such as NDVI). Users also have the option to upload their own data or to download GEE 

data in common formats to be analyzed in other applications.  
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For this research, images must be acquired during leaf-on because spectral signatures of 

deciduous trees during leaf-off periods are easily confused with disturbed forest (Huang, 2011) 

and, moreover, because fully leafed-out deciduous canopy is necessary for assessing subtle 

interannual variability in vegetation greenness. For each World Reference System (WRS) 

satellite row and path, regional vegetation phenology, including leaf-on period and peak gross 

primary production, can be derived using MODIS and AVHRR measurements (Schwartz et al., 

2002). Images must be free of obstructions caused by shadow and cloud/haze.  

Creating image composites is a relatively new remote sensing method of improving 

image quality (Helmer et al., 2010; Potapov et al., 2012). Composites are created by selecting 

and merging optimal pixels obtained from several intra-annual images whose acquisition date is 

close to the desired image selection date. There are different approaches to creating image 

composites. The best available pixel approach (BAP) represents a paradigm shift in remote 

sensing as it is not reliant on a single scene‐based analysis. Instead, BAP weights individual 

pixels based on sensor, day of year, distance to cloud/cloud shadow and atmosphere opacity 

(White et al., 2014). Pixels with the highest weight can then be used for input to the creation of 

annual leaf-on composites.  

In the present study, the greenest annual pixel approach was used (Roy et al., 2010). 

Greenest annual pixel is a method by which images are composited by selecting individual pixels 

with the highest NDVI values and having temporal correspondence with a specific phenology 

range. The phenology time window of June 20 to August 31, that correlates with the deciduous 

canopy leaf-on period, for Whitehorse, Yukon was used in this study.   
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3.4.2 Preprocessing 

Remote sensing measurements can include substantial errors if not corrected properly 

(Kerr and Ovstrosky, 2003). Sequential corrections can be categorized into the following 

geometric, absolute and relative. 

3.4.2.1 Geometric Correction 

 Geometric correction is the component of image processing that includes georeferencing 

and orthorectifying. Georeferencing refers to image alignment to a geographic location. 

Orthorectifying is a correction for relief and view direction on individual pixels; it adjusts the 

spatial and spectral characteristics of each pixel so that it is visualized from nadir. Data from the 

Landsat archives are orthorectified with minimum 30 m accuracy depending on ground control 

points and the best available digital elevation models (Loveland and Dwyer, 2012). Landsat 

Level-1 products are terrain-corrected and suitable for use as delivered by the USGS (USGS, 

2016). Detailed methods are discussed in Toutin (2004).  

3.4.2.2 Absolute Correction 

 Absolute radiometric correction or absolute correction are the preprocessing steps that 

correct for sensor, solar, atmospheric and topographic effects (Lillesand et al., 2015). Absolute 

correction attempts to make images comparable across space, time or sensors. Absolute 

correction can be further categorized from less to more processing in the order of: digital 

number, at-sensor radiance, top-of atmosphere reflectance and surface reflectance. Each 

consecutive step increases processing and attempts to decrease unwanted artifacts within images 

(Figure 3.3). A further step in absolute correction is topographic correction that accounts for 

illumination effects from slope, aspect and elevation. Band ratios, such as NDVI, are known to 

supress topographic influences (Holben and Justice, 1981; Colby, 1991; Hale and Rock, 2003). 
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There are more complicated methods to suppress topographic influences that require additional 

data such as DEMs (Vanonckelen et al. 2013). A topographic correction method, if applied, must 

be carefully selected for the needs of a study. In many cases, such as non-topographically 

complex regions topographic correction is not required. Furthermore, topographic correction is 

not common in Landsat time-series applications (Banskota et al. 2014). Moreover, a pixel-based 

compositing approach has been shown to diminish the need for topographic correction in change 

detection studies (Chance et al., 2016). To account for topographic effect, the present study 

investigated topographic landscape units and stratified variables where possible.  

 

 
Figure 3.3: Landsat levels of absolute radiometric correction (Figure after Young et al., 2017). 

 

3.4.2.3 Relative Correction 

 Relative correction is the most aggressive correction technique and can be applied to any 

one of the levels of preprocessing. It is used to obtain consistent values throughout a time-series 

by matching all images to a reference image by bringing individual bands to the same 

radiometric scales. Relative correction can be organized into two overarching methods, 

histogram matching and pseudo-invariant features. Histogram matching equalizes all pixels from 

overlapping regions. It is not recommended for Landsat data and is usually used to correct 
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images acquired under similar atmospheric and solar conditions (Young et al. 2017). Pseudo 

invariant features (PIF) are land cover targets of expected ‘no-change’ in spectral characteristics 

across overlapping areas in a multi-temporal image stack. A relationship between reference 

image PIF pixels and image-to-be-corrected PIF pixels is calculated and then applied to all pixels 

in the image-to-be-corrected (Song et al., 2001). The most common method to establish a 

relationship between PIFs is simple linear regression. Many manual and automated methods 

have been proposed for PIF selection (Hall et al., 1991; Schott et al., 1988). PIF correction has 

been applied to radiance and top-of-atmosphere corrections for LTS (Baird et al., 2012; Li et al., 

2014), however, it is seldom applied to surface reflectance data and may introduce additional 

potential error (Young et al. 2017). 

 3.4.2.4 Surface Reflectance 

Ultimately, the best method must be robust, transparent, consistent throughout all images 

and requiring minimal user interaction (Bansksota et al., 2014). Historically, preprocessing of 

LTS images involved different combinations of corrections (Schroeder et al., 2006). Landsat 

Ecosystem Disturbance Adaptive Processing System (LEDAPS) offers pre-preprocessed images 

that are atmospherically corrected and converted into surface reflectance data (Masek et al., 

2006). Available preprocessed imagery, and the fact that the USGS is openly sharing the 

LEDAPS code, is stimulating use among researchers (Banskota et al., 2014). LEDAPS estimates 

and corrects for atmosphere optical thickness using the dark dense vegetation method (Kaufman 

et al., 1997) and a combination of other ancillary sources including TOMS (Total Ozone 

Mapping Spectrometer), column water vapor data, digital topography and surface pressure data 

(Ganguly et al., 2012). 
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As with some of the most contemporary vegetation greening and browning research in 

northern Canada and Alaska (see Ju and Masek, 2016), the present study opted to use 

preprocessed LEDAPS surface reflectance data because it is arguably the most standardized 

Landsat data set available ultimately making the study more robust, replicable and comparable to 

up-to-date research. Yet another advantage of the LEDAPS preprocessed data is that it includes 

cloud, water and snow masks for each individual image. In the current study, these masks were 

used to ensure that NDVI trends and disturbances were not artifacts of clouds, snow or water. 

Additionally, masks for human and wildfire disturbance were created and applied by using 

Yukon Government land cover data (Yukon Energy, Mines and Resources, Forest Management 

Branch, 2013). NDVI was chosen as the proxy for greenness and forest vigour because of its 

extensive history in past forest studies, in particular in boreal and Arctic regions (Verbyla, 2011; 

Pettorelli, 2013), as well as for its inherent value in suppressing unwanted topographic effects. 

NDVI images were calculated from Landsat pre-collection surface reflectance data within 

Google Earth Engine.  

3.4.3 Preparation of Greenest Annual Image Composites 

Using GEE, all Landsat surface reflectance L1T1 pre-collection scenes from 1984 to 2012 were 

selected on the basis that each image had less than 80% cloud cover and was acquired between 

June 20 and August 24 each year. This intra-annual time window corresponds to a time when 

northwestern boreal forests are phenologically similar in seasonal peak NDVI. Cloud, cloud 

shadow and snow masks were applied to each image using the USGS provided CF-mask 

algorithm. To generate yearly cloud-free images the greenest annual pixel method whereby 

pixels with the highest NDVI value within the seasonal range were selected as inputs for the 

composite images (Roy et al., 2010). Between two and nine Landsat images were included from 
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each year to create the greenest annual composites, where 1991 and 1986 had the least and most 

independent Landsat scene contributions, respectively. Landsat 7 ETM+ NDVI images were 

standardized to correspond with Landsat 5 TM NDVI brightness values using a scale factor of 

0.964 (Ju and Masek, 2016). Two additional precautions were used to avoid unwanted pixels 

representing cloud, cloud shadow, bare ground, water and snow-covered areas. First, all pixels 

with an NDVI value less than 0.3 were excluded from analysis. Typically, the NDVI range for 

vegetation is 0.4 to 0.8. Second, polygons generated from the Yukon Government vegetation 

inventory were used to remove non-vegetated or disturbed areas from the analysis.  

3.4.4 Time Series Analysis 

 Preprocessed images were opened in R Studio (ver. 3.4.1) ( R Core Team, 2015) where 

the Raster Package was used to analyze spatial and temporal trends in NDVI (Hijmans et al., 

2016). Trajectory-based change detection was used to investigate vegetation change. Trajectory-

base change detection analyzes temporal patterns in a single pixel throughout an image stack. 

This method’s advantage is that trends and gradual changes (nuances) can be identified and 

documented, as opposed to bimodal image differencing and image post-classification that use a 

binary change or no change-approach (Coppin et al., 2004; Banskota et al., 2014). Moreover, in 

bi-temporal change detection, spectral variances caused by geometric misregistration, variability 

in illumination (shadows and reflectance), and issues surrounding phenology and the image 

selection date require manual user designation (Lu et al., 2004). Bi-temporal change detection, 

and interpretation of change, over large areas is arduous, time consuming, and can be prone to 

error.  

Sulla-Menashe et al. (2016) warn of subtle spectral variability in TM and ETM+ sensors, 

especially in the red and near-infrared bands, that may lead to spurious NDVI time-series results. 
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However, numerous studies have used both sensors conjunctively without issue (Parent and 

Verbyla 2010; Baird et al., 2012). Ju and Masek (2016) provide a method for cross-sensor 

calibration by examining overlapping regions and establishing a relationship via ordinary least 

squares regression. The result is a multiplication factor of 1.03723 that can be applied to Landsat 

5 TM images to standardize NDVI reflectance values to those of Landsat 7 ETM+ images. This 

method was implemented on the time-series image stack used in the present research.  

Manual trajectory-based change detection, and curve fitting (linear and spline regression), 

was applied to the time-series image stack across the 25-year period, 1984 to 2009. Although 

less sophisticated than automated change detection algorithms such as Vegetation Change 

Tracker (Huang et al., 2010) and Landtrendr (Kennedy et al., 2010), manual approaches require 

a more intimate knowledge of the study area and are more flexible allowing researchers to 

specify the analytical procedure independently for individual study sites. Linear regression is a 

common method to investigate NDVI trends (Baird et al., 2012; Ju and Masek, 2016; 

Vogelmann et al., 2016). In the present study, Linear regression was performed on the time-

series image stack stratified by different landscape units. To examine the effect of annual climate 

variability, a cubic spline regression was applied to yearly mean NDVI values for the study area. 

The spline fitting approach is advantageous because it is not constrained by a prescribed shape 

rather it can be fitted more precisely to the data (Bradley et al., 2007). Curve fitting has been 

used with time-series analyses to document and measure both fire and insect disturbance (Goetz 

et al., 2006; Goodwin et al., 2010). 

3.4.5 Landscape Units and Ancillary Data 

 The use of ancillary data to complement analyses with multispectral imagery is a well-

tested method and has been implemented since the 1970s (Hoffer et al., 1975; Hutchison, 1982; 
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Kasischke et al., 2004). More recently, it has proven invaluable in interpreting time-series 

remotely sensed data and assessing gradual change (Voglemann et al., 2012; 2015). In the 

current study, trends in NDVI were attributed to specific landscape units that will be developed 

from vegetation inventory data and digital elevation models (Yukon Government, 2016). 

Landscape units consist of vegetation classes, landscape positions and topographic classes. 

Vegetation and management strata classes were determined by the Yukon Government’s 

vegetation inventory data (Yukon Energy, Mines and Resources, Forest Management Branch, 

2013). Aspect units and landscape positions were derived from a digital elevation model. 

Moreover, white spruce (the most abundant forest tree in the Whitehorse study area) was 

stratified by landscape position. Locations of statistically significant vegetation change arising 

from the time-series analysis were compared to historical aerial photographs, and forest health 

surveys (Yukon Energy, Mines and Resources, Forest Management Branch, 2009), to facilitate 

explanation of change revealed in the time-series approach.  

 Whitehorse study area, landscape and burn area classes were provided by the Yukon 

Government vegetation survey (Table 3.2). Aspect classes were constructed using a 5 m DEM.  

Table 3.2: Landscape unit area classes with associated descriptions. 

Name Description 

Whitehorse Study 

Area 

 

Polygons of all undisturbed forest areas within the municipal boundary.  

Landscape 

Position 

 

Lowlands Below 665 m at Yukon River valley bottom. 

Uplands Mid-elevations not affected by surface water or water. 

Subalpine Forests adjacent to alpine areas characterized by sparse tree cover and the presence 

of subalpine fir. 

Aspect  

North-facing 315° to 45° 

South-facing 135° to 225° 

No aspect Less than 5% gradient. 

Burn Areas  

1958 and 

1991Burn 

Burn areas from Yukon Government vegetation inventory.  

1991 Burns  
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 Leading species classes were extracted from the Yukon Government vegetation 

inventory. Leading species were characterized by species that occupied over 60% of overall tree 

abundance. Leading species classed consisted of birch, balsam poplar, trembling aspen, lodge 

pole pine and white spruce. All deciduous trees were grouped into a single species class to 

evaluate the overall trend occurring in broadleaved trees. Conifers were not grouped together 

because together they comprised of over 90% of the study area. Conifer response dictates the 

overall trend of the study area. Leading species polygons may not always represent homogenous 

and contiguous forest stands. This challenge was addressed by using management strata classes 

that identify groupings of tree species to further disseminate forest stand structure.  

Management strata were derived from the Yukon Government vegetation inventory 

(Table 3.3). 

Table 3.3: Yukon Government management strata. 

Strata Name Description 

Spruce  Spruce and fir stands where the combined spruce and fir component exceeds 80% 

based on crown closure. 

Lodgepole Pine Lodgepole pine stands where the pine component exceeds 80%. 

Deciduous  Aspen, balsam poplar and white birch stands where these exceed 80%. 

Spruce/Pine Spruce leading stands where the secondary species is lodgepole pine. 

Spruce/Deciduous Spruce leading stands where the secondary species is aspen, balsam poplar or 

birch. 

Spruce/Deciduous Lodgepole pine leading stands where the secondary species is spruce or fir. 

Pine/Deciduous Lodgepole pine leading stands where the secondary species is aspen, balsam 

poplar or white birch. 

Pine/Spruce Lodgepole pine leading stands where the secondary species is spruce or fir. 

Pine/Deciduous Lodgepole pine leading stands where the secondary species is aspen, balsam 

poplar or white birch. 

Deciduous/Spruce  Aspen, balsam poplar or birch leading stands where the secondary species is 

spruce or fir. 

Deciduous/Pine  Aspen, balsam poplar or birch leading stands where the secondary species is 

lodgepole pine. 

Fix Fir stands where the fir component exceeds 80%. 

Fir Mix  Fir stands where the secondary species in spruce or pine. 
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Soil moisture regime classes were derived from the Yukon Government vegetation 

inventory (Table 3.4). 

Table 3.4: Soil moisture classes. 

Class Description Effective Soil Texture 

Dry Majority of soil is coarse fragments. Water removed extremely rapidly 

in relation to supply. Soil is moist for a negligible period following 

precipitation. 

Gravel, cobbles, stones, 

boulders 

Moderately 

Dry 

Water removed very rapidly in relation to supply. Soil is moist for brief 

periods following precipitation. 

Very coarse sands, coarse 

sand, loamy coarse sand, 

and silty coarse sand 

Moderately 

Fresh 

Water removed rapidly in relation to supply. Soil is moist for short 

periods following precipitation. 

Medium sand, loamy sand 

to sandy loam 

Fresh Water removed readily in relation to supply. Water available for 

moderately short periods following precipitation. 

Sandy loam to very fine 

sands 

Very Fresh Water removed somewhat slowly in relation to supply. Soil may 

remain moist for significant but sometimes short periods of the year. 

Silty loams to sandy 

clayey loams and clays 

Moderately 

Moist 

Water removed slowly enough to keep the soil wet for a significant 

part of the growing season. Some temporary seepage. Must have 

mottling above 50 cm. 

Variable depending on 

seepage 

Moist Water removed slowly enough to keep the soil wet for substantial parts 

of the growing season; seepage common. 

Must have mottling 

variable depending on 

seepage 

Very Moist Water removed slowly enough to keep the soil wet for most of the 

growing season. Permanent seepage and mottling present possibly 

weak gleying. 

Variable depending on 

seepage 

Moderately 

Wet 

Water removed slowly enough to keep the soil wet for most of the 

growing season. Permanent seepage and mottling present gleying in 

mineral soils. 

Variable depending on 

seepage 

Wet Water removed slowly enough to keep the water table at or near the 

surface for most of the year, gleying mineral and permanent seepage 

near the surface. Permanent seepage less than 30 cm below the surface. 

Organic and gleyed 

mineral soils 

Very Wet Water removed so slowly that the water table is at or above the soil 

surface all year. Saturated to surface all year. 

Organic and gleyed 

mineral soils 

 

3.4.6 NDVI Trend Extraction by Landscape Units 

NDVI image composites were uploaded into R (ver. 3.4.1) (R Core Team, 2015) where a 

raster time series image stack was created. Pixels were stratified by landscape units (polygons) 

obtained from the Yukon Government (Yukon Energy, Mines and Resources, Forest 

Management Branch., 2013). Mean NDVI values were extracted from each landscape unit and 
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used as inputs into simple linear regression models with year as the dependent variable and mean 

NDVI as the independent variable. Fire impacted forest as well as anthropogenic disturbances 

including urban areas, timber harvesting areas, power line corridors, roads, mine tailings, seismic 

testing and generic clearings were excluded from descriptive statistical summary and omitted 

from subsequent regression analyses. Distributions of NDVI yearly mean values by each 

polygon were inspected using: graphical plots, descriptive statistics, kurtosis, skewness, z-scores 

and the Shapiro-Wilk test. 

3.5 Results 

3.5.1. Greenest Annual Pixel Composites 

Greenest annual composites scenes used in this study are shown in Table 3.5; annual 

mean NDVI values, as well as the percentage of unusable pixels were calculated by extracting 

study area polygons. Greenest annual image composites were determined to be suitable for time-

series analysis; the distribution of pixel values fall within the first and third quantiles of each 

other (Figure 3.4). These descriptive statistics describing image composites are consistent with 

literature and recommendations from the USGS (Masek et al., 2006; Banskota et al., 2014; 

Young et al., 2017), who indicate that surface reflectance data do not require further relative 

normalization. Additionally, compositing ensures that the greenest available pixel within the 

phenology window is used for analysis (Roy et al., 2010).  
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Table 3.5: Greenest annual composite scenes with satellite sensor used, proportion of study area available for 

analysis, and associated mean NDVI values.  

Year Satellite and 

Sensor 

Percentage of 

Unusable Pixels 

Study Area Mean 

NDVI 

1984 Landsat 5-TM 0.3 0.662 
1985 Landsat 5-TM 3.0 0.654 
1986 Landsat 5-TM 0.2 0.649 

1987 Landsat 5-TM 0.3 0.682 
1990 Landsat 5-TM 0.2 0.644 

1991 Landsat 5-TM 0.7 0.648 
1994 Landsat 5-TM 0.2 0.689 

1995 Landsat 5-TM 0.1 0.697 

1996 Landsat 7-ETM 3.7 0.675 
1997 Landsat 7-ETM 0.2 0.688 

1998 Landsat 5-TM 0.3 0.656 
1999 Landsat 5-TM 0.3 0.686 

2000 Landsat 5-TM 0.3 0.687 

2001 Landsat 5-TM 0.2 0.722 
2003 Landsat 5-TM 1.0 0.674 

2005 Landsat 5-TM 0.2 0.676 
2007 Landsat 5-TM 0.2 0.699 

2009 Landsat 5-TM 0.4 0.688 

 

 

 
Figure 3.4: Box and whisker plots showing descriptive statistics for each annual NDVI composite included in 

the time-series image stack for Whitehorse, Yukon. 
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3.5.2 Spatiotemporal Linear Trends in Vegetation Greenness for Whitehorse Study Area  

Pixel-wise time-series trend analysis was used to investigate the presence of a linear trend 

in changes to vegetation greenness from 1984 to 2009; associated significance maps were 

created (Figures 3.5 and 3.6). Visual inspection of these pixel trends shows that prominent 

browning trends are spatially associated with urban and industrial development. The upper-left 

corner of each figure’s map displays the highest concentration of browning pixels not associated 

with development. Significant greening pixels (increases in vegetation vigour as captured by 

NDVI) are much more prevalent across the study area, most of which occur in forests that do not 

have a history of disturbance. Overall, the average greening trend was determined to be between 

0.002 and 0.003 NDVI units per year.  
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Figure 3.5: Greening trends, as revealed using NDVI composite images, for Whitehorse, Yukon between 1984 

and 2009. 
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Figure 3.6: Significance of greening trends, for Whitehorse, Yukon between 1984 and 2009. 
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3.5.3 NDVI Trends by Landscape Units 

3.5.3.1 Pixel-wise NDVI Trends for Area Classes 

Significant greening pixels were prevalent across area classes (Figure 3.7). 37% of the 

study area experienced greening. Conversely, 1% of the study area experienced browning. The 

most greening by landscape units occurred in subalpine, north-facing slope and 1958 burn 

classes. Substantial greening (28%) and browning (1%) also occurred in uplands areas, which 

comprised of a large portion of the study area. The most notable browning occurred in lowlands, 

south-facing slopes. 

 

Figure 3.7: Proportion of pixels, within each area class, having significant NDVI trends. Proportions were 

calculated for percentage of greening or browning pixels located in individual landscape units and percentage 

of greening or browning pixels located in individual landscape units out of the entire study area or total area. 
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3.5.3.2 Linear Regression for Area Classes 

 Significant positive NDVI trends were widespread among area classes (Table 3.6). The 

entire Whitehorse study area showed a significant overall greening trend (Figure 3.8).  

Table 3.6: 1984 to 2009 linear regression results, by area class, for relationship between NDVI and year of 

image composite. 

Area Hectares Pixel Count Mean       r2    Slope p value 

Whitehorse Study Area 28833 320251 0.68 0.34 0.002 0.012* 

Lowlands 2319 25817 0.65 0.21 0.001 0.053* 

Uplands 21295 235193 0.67 0.29 0.002 0.002* 

Subalpine 5270 58598 0.70 0.46 0.002 0.002** 

North-facing Slopes  5783 64321 0.69 0.42 0.002 0.004** 

South-facing Slopes 2947 32810 0.67 0.19 0.001 0.074 

No-aspect 7285 81055 0.66 0.30 0.002 0.019* 

1958 Burn 1215 13479 0.67 0.44 0.002 0.003** 

1991 Burn (84-09) 729 8105 0.66 0.05 0.001 0.370 

1991 Burn (91-09) 729 8105 0.65 0.76 0.008 0.000*** 

 

 

Figure 3.8: 1984-2009 NDVI trend across the Whitehorse study area. 

Landscape Positions 

 Both uplands and subalpine landscape positions exhibited significant greening trends. 

The lowland landscape position had a weak significant greening trend. Mean NDVI values from 

lowest to highest were lowlands to uplands to subalpine (Figure 3.9). The subalpine and upland 
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positions had higher NDVI values most likely due to the increased presence of broad-leaved 

vegetation. The subalpine landscape position is characterized by a thin canopy and thick 

understory shrubs. More deciduous stands are present in upland positions relative to lowland 

positions.  

 
 Figure 3.9: 1984-2009 NDVI trend within landscape position classes: subalpine, upland and lowland. 

 

Aspect Positions 

 North-facing slopes, and slopes without aspect, revealed significant greening. No trend 

was found on south-facing slopes. Greatest to smallest mean NDVI values were north-facing, 

south-facing, and slopes without aspect, respectively (Figure 3.10).  
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Figure 3.10: 1984-2009 NDVI trend associated with landscape aspect classes. 

 

Burn Areas  

 Burn area polygons were investigated individually. The 1958 burn area displayed 

consistent recovery as evidenced by significant greening trends from 1984 to 2009. When 

examining post burn NDVI values, the 1991 burn recovery had the steepest slope (0.008 NDVI 

units per year) and the highest R2 (0.76) of any landscape unit class investigated. Pre-burn values 

are consistent with greening trends in other landscape units (Figure 3.11).  
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Figure 3.11: 1984-2009 NDVI trend within burn area classes. 

 

3.5.3.3 Pixel-wise NDVI Trends for Leading Species Classes 

 Significant greening trends were found in all leading species classes; as well, several 

leading species displayed some browning (Figure 3.12). The deciduous tree grouping showed 

both greening and browning trends. When further sorted into species, balsam poplar and birch 

revealed a majority of greening pixels; 70% and 56%, respectively. Trembling aspen showed the 

least greening (21%) and most browning (4%) per species class and all other landscape units. 

Lodgepole pine pixels showed moderate greening trends (33%). Subalpine fir had extensive 

greening (48%). White spruce, the most abundant and spatially extensive tree within the study 

area, displayed both greening and browning trends. When further stratified by landscape 

position, it was found that most browning trends occurred mostly in lowland white spruce (2%) 

and upland white spruce (1%) dominant areas. In contrast, a large percentage of upland white 

spruce experienced greening (54%). 
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Figure 3.12: Percentage of pixels with significant NDVI trends across leading species classes. Percentages 

were calculated for individual landscape units, and by total area. Codes for leading species classes are: D = 

deciduous, BP = balsam poplar, B = birch, TA = trembling aspen, LP = lodgepole pine, SF = subalpine fir, WS 

= white spruce, LWS = lowland white spruce, UWS = upland white spruce, SWS = subalpine white spruce.  

 

3.5.3.4 Linear Regression for Leading Species Classes 

 Within the Whitehorse study area balsam poplar, birch, lodgepole pine, subalpine fir and 

white spruce had similar increasing trends in NDVI (Table 3.7). Trembling aspen experienced no 

significant trend. Similarly, the deciduous species classes consisting of an amalgamation of 

broad-leaved species classes (balsam poplar, birch and trembling aspen) had no specific trend, 

due to the disproportionate influence of trembling aspen. Additionally, white spruce was further 

stratified by landscape position. Upland and subalpine white spruce had a strong greening trend, 

while no significant trend was found in lowland white spruce.  
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Table 3.7: 1984-2009 leading species description and linear regression findings for association with NDVI. 

Leading Species Hectares Pixel Count Mean    r2     Slope       p value 
Deciduous 1836 20390 0.71 0.10 0.001 0.196 

   Balsam Poplar 85 952 0.73 0.48 0.002 0.001*** 

   Birch 33 370 0.71 0.48 0.002 0.001*** 

   Trembling Aspen 1717 19081 0.70 0.07 0.001 0.272 

Lodgepole Pine 12117 134603 0.66 0.28 0.002 0.023* 

Subalpine Fir 2035 22618 0.71 0.39 0.002 0.005** 

White Spruce 12845 142619 0.68 0.39 0.002 0.006** 

   Lowland White Spruce 294 3263 0.65 0.20 0.001 0.062 

   Upland White Spruce 11810 131283 0.67 0.38 0.002 0.006** 

   Subalpine White Spruce 740 8251 0.71 0.41 0.002 0.004** 

 

3.5.3.5 Pixel-wise NDVI Trends for Management Strata 

Greening and browning trends occurred across management strata (Figure 3.13). Spruce 

(48%) and fir mix (51%) had the greatest number of significant greening pixels. Management 

strata with deciduous components all exhibited sizeable browning compared to other strata: 

deciduous (5%), deciduous/pine (3%), deciduous/spruce (3%), pine/deciduous (1%) and 

spruce/deciduous (2%). This may have been influenced by the most prolific deciduous tree in the 

study area, trembling aspen.  
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Figure 3.13: Percentage of pixels with significant NDVI trends across management strata. Percentages were 

calculated for percentage of pixels by individual landscape units and by total area. Codes for management 

strata are: D = deciduous, DP = deciduous/pine, DS = deciduous/spruce, F = fir, FM = fir mix, P = pine, PD = 

pine/deciduous, PS = pine/spruce, S = spruce, SD = spruce deciduous and SP = spruce pine.   

 

3.5.3.6 Linear Regression for Management Strata 

 All classes without a deciduous component had significant positive greening trends 

(Table 3.8). Deciduous management strata were strongly influenced by the abundance of 

trembling aspen, which is the most frequently occurring broadleaf tree species in the study area. 

Management strata with strong deciduous component displayed a higher mean NDVI. Spruce (r2 

= 0.45), Fix Mix (r2 = 0.42), and Spruce Pine (r2 = 0.36) had the strongest correlations.  
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Table 3.8: 1984-2009 linear regression for NDVI within management strata. 

Strata Name Hectares Pixel Count Mean  r2 Slope p value 

Deciduous 471 5234 0.72 0.03 0.000 0.484 

Deciduous Pine 628 6969 0.72 0.16 0.001 0.103 

Deciduous Spruce 984 10968 0.70 0.13 0.001 0.147 

Fir 439 4883 0.68 0.26 0.002 0.031* 

Fir Mix 1783 19801 0.72 0.42 0.002 0.004** 

Pine 5376 59718 0.66 0.31 0.002 0.017* 

Pine Deciduous 1377 15268 0.67 0.28 0.002 0.024* 

Pine Spruce 5204 57833 0.67 0.25 0.001 0.034* 

Spruce 5775 64153 0.68 0.45 0.002 0.002** 

Spruce Deciduous 1392 15464 0.66 0.18 0.001 0.076 

Spruce Pine 5403 59952 0.67 0.36 0.002 0.009** 

 

 

3.5.3.7 Pixel-wise NDVI Trends for Soil Moisture Regimes 

Greening trends were found in all soil moisture regime classes and browning trends were 

dispersed sporadically across dry to very wet areas (Figure 3.14). Moderately dry to very fresh 

areas constituted the largest part of the study area. Dry soils had the least number of greening 

pixels (20%) and the most browning pixels (2%). Moist (50%), very moist (60%) and moderately 

wet (55%) areas displayed sizable quantities of greening pixels by landscape unit. These are soils 

that are not saturated but can retain moisture after rainfall.  
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Figure 3.14: Percentage of pixels with significant NDVI trends across soil moisture regimes. Percentages were 

calculated for percentage of pixels by individual landscape units and by total area. Codes for soil moisture 

regime are: D = dry, MD = moderately dry, MF = moderately fresh, F = fresh, VF = very fresh, MM = 

moderately moist, M = moist, VM = very moist, MW = moderately wet, W = wet and VW = very wet.  

 

3.5.3.8 Linear Regression for Soil Moisture Regimes  

Soil moisture regime was the best predictor of mean NDVI among landscape units (Table 

3.9). The dry class had the only non-significant greening trend. This points to the importance of 

available soil moisture for plant growth.  

Table 3.9: 1984-2009 linear regression for NDVI according to soil moisture regime 
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Soil Moisture Regime Hectares Pixel Count Mean r2 Slope p value 

Dry  902 10022 0.62 0.16 0.001 0.097 

Moderately Dry 9026 100247 0.67 0.28 0.001 0.024* 

Moderately Fresh 6433 71440 0.68 0.35 0.002 0.010** 

Fresh 6510 72331 0.69 0.35 0.002 0.009** 

Very Fresh 3324 36893 0.68 0.34 0.002 0.010** 

Moderately Moist 384 4251 0.68 0.33 0.002 0.013* 

Moist 890 9872 0.69 0.42 0.002 0.004** 

Very Moist 3324 6097 0.68 0.48 0.002 0.001*** 

Moderately Wet 263 2939 0.67 0.48 0.002 0.001*** 

Wet  501 5552 0.64 0.37 0.002 0.008** 

Very Wet 54 607 0.60 0.48 0.003 0.002** 
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Very moist to very wet classes occurred exclusively in upland white spruce areas. Dry soils 

were dominantly occupied by trembling aspen and pine. 

3.5.3.9 Forest Disturbance 

The only forest health disturbance abiotic or biotic to make up over 1% of the study area 

from the 2009 aerial overview health survey was the aspen serpentine leaf miner—a defoliator of 

aspen trees. It was most prevalent in deciduous classes covering up to 20 % of the class area 

(Table 3.10). Widespread aspen serpentine leaf miner attacks began in the 1990s (Yukon Energy, 

Mines and Resources, Forest Management Branch, 2009). Forest health reports state it is now 

rare to find unaffected aspen stands across much of the Yukon.  

Gradual biotic disturbances are difficult to detect using remotely sensed data, especially at a 

spatial resolution of 30 m a side (Landsat) and even more so when the pest does not result in tree 

mortality. This is the case for the aspen serpentine leaf miner. The forest overview health survey 

represents what can be seen with the human eye from a low-flying aircraft. It is probable that it 

only captured severe disturbances and many remained undetected. Aspen serpentine leaf miner 

damage is difficult to distinguish in 1984 and 2009 NDVI composites, and in 2009 high spatial 

resolution aerial photos (Figure 3.15). No defoliation occurred in the 1984 composite, while 

2009 had an abundance of aspen leaf miner attacks recorded in the forest health survey. 

Defoliation was better detected by comparing Landsat NDVI composites than by examining the 

single natural colour higher resolution air photo.  

Gradual detection of forest disturbance is patchy at best when using bimodal detection 

techniques. Using an approach that overlaid pixels with significant browning trends on at 2009 

air photo, it was shown that browning did occur within the aspen serpentine leaf miner 
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disturbance polygons. Still, considerable discrepancy existed between the aerial overview 

surveys and this study’s time series analysis.   

Table 3.10: Aspen serpentine leaf miner damage area, and proportion of area affected according to leading 

species and management strata. 

Polygon Class Area (ha) Area affected (%) 

Leading Species   

    Lodgepole Pine 768 6 

    Subalpine Fir 15 1 

    Trembling Aspen 333 19 

    White Spruce 539 4 

Strata   

    Deciduous 98 21 

    Deciduous/Pine 128 20 

    Deciduous/Spruce 190 19 

    Pine/Deciduous 134 10 

    Pine/Spruce 377 7 
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Figure 3.15: Satellite images and air photos depicting aspen serpentine leaf miner damage (Yukon Government 

aerial overview survey polygons outlined in black). From left to right 1984 NDVI composite (a), 2009 NDVI 

composite (b), 2009 air photo (c), 2009 air photo with significant pixel browning overlay(d). 

 

3.5.3.10 NDVI and Climate Data 

Mean NDVI in all leading species classes reacted similarly to inter-annual climate 

variability (Table 3.11). Trembling aspen and balsam poplar (r = 0.54) along with trembling 
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aspen and subalpine fir (r = 0.58) had the lowest correlations. The highest correlations were with 

White spruce and birch (r = 0.96) and white spruce and lodgepole pine (r = 0.95). 

Table 3.11: Correlation matrix (Pearson’s r) for leading species classes. All correlations are significant 

(p<0.05). 

 Deciduous 

Balsam 

Poplar Birch 

Trembling 

Aspen 

Lodgepole 

Pine 

Subalpine 

Fir 

White 

Spruce 

Lowland 

White 

Spruce 

Upland 

White 

Spruce 

Subalpine 

White 

Spruce 

Deciduous 1.00 0.67 0.83 0.82 0.94 0.74 0.90 0.95 0.91 0.63 

Balsam Poplar 1.00 0.81 0.54 0.72 0.92 0.87 0.77 0.86 0.89 

Birch   1.00 0.69 0.93 0.87 0.96 0.88 0.96 0.79 

Trembling Aspen   1.00 0.77 0.58 0.77 0.74 0.77 0.60 

Lodgepole Pine    1.00 0.81 0.95 0.95 0.96 0.70 

Subalpine Fir     1.00 0.91 0.84 0.91 0.90 

White Spruce      1.00 0.96 1.00 0.83 

Lowland White Spruce       1.00 0.96 0.69 

Upland White Spruce        1.00 0.81 

Subalpine White 

Spruce         1.00 

 

 A cubic spline was used to investigate the presence of a non-linear relationship between 

the study area mean annual NDVI and year (Figure 3.16).  Knots were selected by referencing 

climate graphs matching oscillations in NDVI to oscillations in temperature and precipitation 

(Figure 3.17). Mean annual NDVI values were significantly, and non-linearly, associated with 

climate (r2 =0.89, p<0.005). Three periods of drought are evident in both the climate graph and 

the spline graph; 1992, 1998 and 2004. All three periods were historical droughts over the last 67 

years. These years are represented as red dots in Figure 3.18. Each year had low precipitation 

with average to high mean temperatures. 2004 had the highest recorded mean July temperature.    
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Figure 3.16: Cubic spline fitted through mean annual NDVI versus year for the Whitehorse study area 

(R2=89.3, p<0.005, F-statistic=7.415 on 9 and 8 degrees of freedom). 

 

 
Figure 3.17 Whitehorse July mean temperature (C) and summed May to August precipitation (mm), 1984-

2009 (data from Whitehorse International Airport) 
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Figure 3.18 Mean June-August temperature versus total precipitation from 1942-2009. Drought years in time 

series indicated by red dots.  

 

3.6 Discussion 

Temporal trends in NDVI (proxy for vegetation vigour) vary considerably in northern 

Canada and Alaska. Regional trends in the boreal forests of interior Alaska have shown declining 

NDVI values over the past 20-30 years (Goetz et al., 2005; Verbyla et al., 2008; Baird et al., 

2012). Regional greening trends in boreal forests and the tundra biome are evident in other parts 

of Canada and Alaska—particularly in southern Yukon (Ju and Masek, 2016). On a whole, the 

overall productivity of boreal forests has increased because of a changing climate (Boisvenue 

and Running, 2006). In the present study, temporal greening trends were expected for the 

Whitehorse study area. Therefore, the focus of this study was to identify and quantify specific 

land cover types that showed a greater propensity for greening at the landscape scale. The 

Whitehorse study area has a variety of vegetation types, landscape positions, aspect positions and 

disturbances that are representative of the boreal forests of southern Yukon. Moreover, the study 

area has an abundance of Yukon Government spatial data that was used to both complement 

detection of, and to explain reasons for, greening trends. Disentangling the nuance of 
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contributors to overall greening trends was further aided by detailed government-collected 

ancillary data. 

An important consideration prior to discussing results is that NDVI acts as a crude proxy 

for vegetation productivity or greenness. Productivity can be derived by many metrics that have 

unique relationships with NDVI (Peterolli et al., 2005). Leaf area index (LAI) has a linear 

relationship with NDVI, albeit with differing correlations for conifer and deciduous tree species 

(Fassnacht et al, 1997; Chen et al., 2005). The linear relationship between LAI and NDVI 

weakens in extremely arid regions and regions with high biomass (Huete, 1988). Moreover, 

NDVI saturation occurs in regions of high biomass that can result in weak non-linear 

relationships between NDVI and measures of productivity (Huete et al., 1997).  NDVI is also 

linearly associated with the fraction of absorbed photosynthetically active radiation (fAPAR) and 

the subsequent calculation of gross primary productivity and net primary productivity across a 

range of vegetation types (Fensholt et al., 2004; Huemmrich et al., 2005; Puma et al., 2007). 

Furthermore, Wang et al. (2004) found a strong linear relationship between NDVI and tree 

growth using tree ring data. In tundra environments, non-linear correlations have been 

established between NDVI and above ground biomass (Jia et al., 2003; Epstien et al, 2012). The 

relationship between NDVI and vegetation productivity is complex. For this study, NDVI is a 

basic indicator of vigour. Since the study area is neither in a high biomass or extremely arid 

region, this research assumes a linear relationship between NDVI and forest productivity. 

However, further research is warranted to confirm the relationship between different productivity 

metrics and NDVI within various vegetation cover in Whitehorse. 
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3.6.1 Regional NDVI Trends and the Influence of Climate  

 An overall greening trend was found in the Whitehorse study area. Trend significance 

and model slope values were comparable to results reported by Ju and Masek (2016); average 

rate of change was ~ +0.002 to +0.004 NDVI units/year. These findings are further corroborated 

by remote sensing studies that have used AVHRR imagery and have shown consistent and broad 

extent greening across northern Canada and Alaska, including in the Whitehorse area (D’Arrigo 

et al., 1987; Myneni et al., 1997; Zhou et al., 2001; Goetz et al., 2005; Beck and Goetz, 2011; 

Guay et al., 2014). Irrespective of land cover and vegetation type, evidence of vegetation 

greening appears to be ubiquitous in these northern locations. Greening trends and more frequent 

disturbances will inevitably affect forest resources and industry. Forest management practices 

need to take an adaptive management approach whereby plans can be modified to reflect 

geographic shifts in species composition and take advantage of disturbances via salvage 

harvesting (Ogden and Innes, 2008). 

Global climate models identify temperature as a regulating factor on vegetation vigour in 

high-latitude regions with extreme inter-annual temperature cycles (Nemani et al., 2003); this is 

especially true of spring temperatures and their impact on frost-free days (Scwartz et al., 2006; 

Jeong et al., 2011). The Whitehorse study area is a high-latitude semiarid region that has 

experienced increases in temperature, precipitation and annual number of frost-free days; as 

such, results of the present study confirm expected increases in forest vigour. Moreover, when 

using a cubic spline regression and visually selecting knots representative of periods of drought 

and increased precipitation, mean annual NDVI values were highly correlated with year. Verbyla 

(2015) reported that drought was the dominant control factor concerning regulation of vegetation 
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vigor within interior Alaska, and drought may also be having significant multi-year influence on 

regional soil moisture.   

3.6.2 Effects of Landscape Positions on NDVI Trends 

Mean annual NDVI increased in landscape unit classes with increasing elevation. 

Lowland landscape positions typically consist of riparian spruce forests at the latter stages of 

growth. Human settlement of the Whitehorse valley has likely mitigated wildfire disturbance in 

lowland forests over the last century. Boreal forests across all landscape positions decrease in 

productivity through succession; older later stage successional forests photosynthesize less than 

early successional stage younger forests due to the greater abundance of broadleaved vegetation 

in young boreal forests (Chapin et al., 2006). Relatively low percentages of greening pixels 

could be explained by the late successional stage of lowland forests and wildfire prevention. 

Also, vegetation browning is most likely due to age-related productivity decline and flooding in 

riparian zones (Yarie et al., 2002). Upland landscape positions covered most of the study area 

and had prevalent greening, with some modest browning. The upland landscape position 

included a variety of different forest types. Additional classification explored in other landscape 

units was used to further identify possible trends. Subalpine areas had the largest percentage of 

greening pixels of all landscape position classes. Subalpine trends in mean NDVI were strongly 

predicted by year. 

Many studies identify the greening of tundra-shrub land and the forest-tundra ecotone to 

be occurring along a latitudinal gradient (Jia et al., 2003; McManus et al., 2012; Ju and Masek, 

2016). Greening of subalpine environments could be related to an early stage biome shift; the 

treeline is moving upwards and north (Lloyd and Fastie, 2002; Juday et al., 2015). Furthermore, 

deciduous woody-shrubs are expanding northwards into tundra as well as experiencing higher 
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productivity because of increased temperatures (Sturm et al., 2001, 2005; Tape et al., 2006). In 

the Whitehorse study area, medium sized shrubs that are prominent on high elevation slopes 

(Francis et al., 1999) are likely experiencing increased productivity because of increased 

temperature and precipitation.   

3.6.3 Effects of Aspect on NDVI Trends 

Aspect strongly influences vegetation distribution in Whitehorse, Yukon (Oswald and 

Brown, 1986). All aspect classes showed significant greening trends. North-facing slopes had the 

most greening of all aspect classes. North-facing slopes in the study area are characterized by 

dense vegetation, most commonly white spruce and subalpine fir. Permafrost in the sporadic 

discontinuous zone, including around Whitehorse, is found on north-facing slopes and in areas of 

high elevation (Ecoregions Working Group, 2004; Lewkowicz and Ednie, 2004). Permafrost 

restricts drainage and can therefore influence plant available water and soil moisture making 

vegetation in permafrost areas more resilient to drought.  

Because of these conditions, it was expected that greening trends on south-facing slopes 

would be somewhat impaired. Study findings confirmed this hypothesis. Among the aspect 

classes, south-facing slopes had the lowest proportion of greening pixels and were one of the few 

landscape units with no significant trend. Forests on south-facing slopes are dominated by 

trembling aspen on dry well-drained soils (Oswald and Brown, 1986). The absence of prolific 

greening on south-facing slopes is most likely related to a combination of drought and insect 

disturbance to trembling aspen (Hogg et al., 2002; Wagner and Doak, 2013).  

3.6.4 Burn Area NDVI 

Two forest fires, in 1958 and 1991, occurred in the Whitehorse study area. Both areas 

experienced a greening trend; especially when examining post burn regeneration only. The 1959 
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burn has been characterized by slow regeneration of spruce. Forest cover resembling aspen 

parkland forests along the northern edge of the Canadian prairies now occupies the area (Hogg 

and Wein, 2005). Burn (1998) found deepening of the soil active layer and thawing of near-

surface permafrost in the 1958 burn site, when compared to unburnt neighbouring forested areas. 

Permafrost thawing and increases in fire frequency and severity can lead to changes in species 

composition (Lantz et al., 2009; Tsuyuzaki et al., 2009). One explanation for the proliferation of 

trembling aspen at the 1958 burn site is that fire exposes mineral soil, increases the soil active 

layer depth, and thaws permafrost, thereby favouring the establishment of deciduous species, or 

even grassland, over conifers (Goetz et al., 2007; Johnstone et al., 2010).  

In Alaska, white spruce is replacing black spruce in the absence of permafrost (Wirth et 

al., 2008). A shift from white spruce to trembling aspen could explain the abundance of greening 

pixels in the 1958 burn site (broadleaved tree species typically have higher NDVI values than 

conifers). The rate of change was +0.002 NDVI units/year suggesting that the 1958 burn has 

mostly regenerated and is experiencing changes indifferent to the rest of the study area. Within 

the time series, early stages of forest regeneration were captured in the neighbouring 1991 burn. 

Strong post-burn greening trends exist within the landscape unit. Signifying an earlier stage of 

regeneration and proliferation of early successional broadleaved species; the 1991 burn had a 

high rate of change in NDVI units/year (+0.008).  

3.6.5 Effects of Vegetation on NDVI Trends 

 Greening and some browning pixels were found in all leading species and management 

strata. One caveat of using medium spatial-scale satellite images and landscape unit polygons is 

that justification of observed trends of specific tree species is not possible, instead assumptions 

are made about vegetation communities. For example, the resolution of this study limits the 
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ability to ascertain whether greening or browning trends is a result of species migration or 

enhanced productivity of trees or shrubs; this is especially true in open forests and subalpine 

areas. Investigation into what is occurring within vegetation classes at smaller scales is an 

important area of future research.  

3.6.5.1 Conifers 

White Spruce 

White spruce is the dominant tree species in the Whitehorse study area. This tree species 

has a complex relationship with temperature and precipitation that was exemplified when it was 

further stratified by landscape position. Lowland positioned white spruce showed a smaller 

amount of greening compared with its performance in other landscape positions; moreover, no 

significant greening trend was determined. Lowland spruce forests are typically found in wet 

riparian areas within the study area. Lloyd and Fastie (2002) state that white spruce, when 

growing in wet sites, are more resilient to pressure for vegetation community change.  

Old-growth white spruce stands in lowland positions most likely surpassed peak 

productivity long ago. Evidence of white spruce browning may be due to riparian zone flooding, 

or age-related productivity decline (Yarie et al., 2002). Lowland white spruce occupies wetter 

sites in riparian areas with ample access to water, thus droughts or any increases in precipitation 

may have, thus far, had little influence on productivity. Interestingly, an inverse relationship 

between white spruce and temperature was not found in any of the landscape positions, as has 

been shown in other parts of Yukon and Alaska (Barber et al., 2000; D’Arrigo et al., 2004; 

Lloyd and Bunn, 2007). Perhaps, a maximum temperature threshold for white spruce in 

Whitehorse has yet to be reached, as no negative temperature-growth relationships have been 
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established for white spruce in the 20th century across southwest Yukon (Youngblut and 

Luckman, 2008).  

White spruce in upland and subalpine locations revealed overall positive greening trends. 

Greening intensified from lowland to upland, and to subalpine positions. As was expected, areas 

on the edge of the white spruce species range benefited most from increased precipitation, 

temperature and number of frost-free days (Miyamoto et al., 2010; Griesbauer and Green, 2012). 

Using dendroecological reconstruction techniques, Danby and Hik (2007) found that subalpine 

white spruce moved upwards in elevation on south-facing sites and increased in stand density on 

north-facing sites, in response to warming in the 20th century. In the present study, 54% of 

subalpine white spruce pixels showed significant greening trends. Research conducted by Juday 

et al., (2015) suggests that opposite white spruce temperature sensitivity across a longitudinal 

gradient indicates an early stage biome shift; white spruce’s range was expanding attitudinally 

and northwards, while contracting in more southern warmer regions.  

Results are indicative of temperature sensitivity along an altitudinal gradient. Lowland 

white spruce is experiencing less greening than upland and subalpine white spruce. Furthermore, 

climate models for southwest Yukon project increased temperature and precipitation that may 

benefit white spruce growth depending on drought frequency and seasonality of precipitation 

(Chavardes et al., 2013). Precipitation and drought are the primary limiting factors in radial 

white spruce growth in southern Yukon (Hogg and Wein, 2005; Miyamoto et al., 2010; 

Griesbauer and Green, 2012). Similar findings have been observed in the boreal forest of Alberta 

(Chen et al., 2017). The abundant presence of white spruce in the study most likely had strong 

influences on the overall spline regression findings. Like white spruce, NDVI values throughout 

the time-series displayed sensitivity to precipitation and drought.  Chavardes et al. (2012) warn 
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that increases in precipitation and temperature have also benefited disturbance agents like the 

spruce bark beetle that will most likely increase in frequency and severity.  

Lodgepole Pine 

Significant greening trends were observed in lodgepole pine leading species and 

management strata; however, trends were less pronounced than in other conifer classes. 

Lodgepole pine is a relatively new tree species to Yukon arriving 7,000 to 10,000 years before 

present (Strong and Hills, 2013). Lodgepole pines northern most extent lies several hundred 

kilometers north of the Whitehorse study area (Cwynar and MacDonald, 1987). Both lodgepole 

pine and white spruce can dominate mature sites in the Whitehorse study area (Oswald and 

Brown, 1986). However, lodgepole pine typically establishes canopy dominance prior to white 

spruce because of higher growth rates when young (Eis et al., 1982; Gutsell and Johnson, 2002). 

A stand survey at the northern most lodgepole pine extent showed that it was increasingly 

dominant following fire, although within its interior range there was no directional shift of post-

fire conifer composition, even in stands with low lodgepole pine abundance (Johnstone and 

Chapine, 2003). Instead post-fire composition is determined by site and environmental variables 

(Oswald and Brown, 1990).  

Johnstone and Chapine (2003) determined that the northern extent of lodgepole pine is 

not limited by climate influences. Their findings indicate that lodgepole pine is more insulated 

from the effects of increased precipitation and temperature in the Whitehorse area, when 

compared with other conifers. Investigating lodgepole pine distributions and climate 

relationships with remotely sensed data is an important area of future study. Recent remote 

sensing studies concerning lodgepole pine have focused on the mountain pine beetle (Franklin et 

al., 2003; Coops et al., 2009; Senf et al., 2015). Depending on future climate scenarios, the 
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mountain pine beetle has the potential to expand into the Whitehorse study area (Safranyik et al., 

2010).   

Subalpine Fir 

Leading species and strata landscape units had strong positive trends toward increasing 

NDVI values, both when extracting mean values from the zonal areas, and when examining 

significant pixel counts. In general, trees are migrating upward in latitude and elevation in the 

Arctic and Subarctic, thus contributing to a climate-induced biome shift (Grace et al., 2002). In 

the present study, it was expected that pronounced changes in treeline ecotones would be 

observed at species’ physiological limits (Wookey et al., 2009). In Whitehorse, subalpine fir 

forests exist on high elevation sites close to treeline. Like white spruce, the relationship between 

subalpine fir and climate is complex; responses to climate change may be spatially variable and 

dependent on specific site conditions and on elevation (Spletcha et al., 2000; Peterson et al., 

2002). Miyamoto et al. (2010) reported that subalpine fir presence was negatively correlated 

with temperature at low elevation, and positively correlated with temperature at high elevation 

sites.  

Some research has found similar growth responses to climate between white spruce and 

subalpine fir because, in contrast with lodgepole pine, both white spruce and subalpine fir 

species prefer cool-wet sites, exhibit greater shade tolerance and form latter successional stage 

forests (Green 2005; 2007). The current study determined that greening was present in 48% of 

subalpine fir pixels, and 54% of subalpine white spruce pixels, when analyzed within leading 

species classes. In management strata, fir pixels showed greening in 33% of pixels, while the fir 

mix class pixels (where white spruce or lodgepole pine is a secondary species) displayed a 51% 

greening of pixels. These findings suggest that the presence of white spruce is revealing of even 
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more greening, whereby white spruce may be more reactive to climate influences than subalpine 

fir in Whitehorse.  

Other studies attribute greening trends to climate-induced shrub responses in forest-

tundra ecotones (Sturm et al., 2001; Sturm et al., 2005; Jia et al., 2009). Shrubs at tundra-forest 

ecotones are expected to increase in density and move upwards in latitude and elevation (Myers-

Smith, et al 2011). Within the Whitehorse study area, subalpine fir occurs usually as open forest 

with woody shrubs, graminoids, bryophytes, and lichens occupying spaces between trees 

(Oswald and Brown, 1986). Although Landsat spatial and spectral resolution limit the ability to 

differentiate between shrubs and trees, shrubs likely played an important role in all subalpine 

greening within Whitehorse. Moreover, greening attributable to shrubs may have been dampened 

by tree shadows that have been shown to have a negative influence on accurate NDVI 

determination in low density coniferous and subalpine forest (McDonald et al., 1998; Rees et al., 

2002).   

3.6.5.2 Deciduous 

Balsam Poplar and Birch 

 Both balsam poplar and birch leading species classes had overall strong positive greening 

trends and large proportions of greening pixels, 70% and 56%, respectively. However, these 

species represent small portions of the overall Whitehorse study area as contiguous forest, 85 ha 

and 33 ha, respectively. Balsam poplar is generally restricted to alluvial terraces and birch only 

exists in scattered pockets, thus they rarely form complete stands within the study area (Oswald 

and Brown, 1987). Balsam poplar has displayed prominent adaptive variation in physiology and 

phenology in regard to climate influences (Keller et al., 2011; Olson et al., 2013). Also, it has 

been shown to occupy disturbed sites at higher ratios than spruce in southwest Yukon (Paudel et 
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al., 2015). Because balsam poplar occupies cooler well-drained sites, it has likely benefited from 

increased precipitation in the study area. Influences from increased temperature and drought are 

mitigated by its resiliency. The relationship between growth and precipitation is positive for 

birch; however, correlations between growth and temperature are site-specific and dependent 

upon environmental conditions (Malmstrom et al., 1997; D’Arrigo et al., 2000; Kharuk et al., 

2013).  

 Trembling Aspen 

 Trembling aspen had the smallest proportion of greening pixels, and did not exhibit a 

significant greening trend based upon mean NDVI values. This tree species had the greatest 

percentage of browning pixels of any leading species class. Moreover, all management strata 

with deciduous (trembling aspen) components had smaller proportions of greening pixels and 

greater proportions of browning pixels than management strata without aspen.  

Some research suggests that near the southern extent of the boreal forest, boreal conifers 

may be extirpated and replaced by more tolerant tree species (McKenny et al., 2007; 2011). 

Recent studies indicate the prevalence of trembling aspen, over white spruce, following fire and 

insect disturbance (Hogg and Wein, 2005; Johnstone et al., 2010; Paudel et al., 2015). In areas 

experiencing more precipitation, trembling aspen is encroaching on grasslands (Conway and 

Danby, 2014). In contrast, the work of Hogg and Hurdle (1995) propose a climate-driven 

transition from boreal forests to aspen parkland in areas that are projected to get warmer and 

drier.  

Findings from the present research suggest two explanations for the observed response of 

trembling aspen vigour (as evidenced by greening/browning) over time: (1) insect disturbance, 

and (2) die-back. The aspen serpentine leaf miner first appeared in Yukon in the early 1980s. The 
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appearance of aspen serpentine leaf miner in Yukon forest health reports first occurred in 1987 

(Turnquist, 1987), while the pest was first recorded along the Alaska highway in the 1950s and a 

widespread outbreak began in the 1990s (Yukon Energy, Mines and Resources, Forest 

Management Branch, 2015).  

Aspen serpentine leaf miner activity declined across the Yukon from 2011 to 2015 

(Yukon Energy, Mines and Resources, Forest Management Branch, 2015). Although aspen leaf 

miner activity does not often result in tree mortality (Wagner et al., 2008), it has been shown to 

have strong negative effects on aspen development and production of aboveground tissue 

(Wagner and Doak, 2013). Thus, aspen leaf miner activity will influence NDVI values. In the 

current study, it was assumed that any increase in plant vigour experienced by trembling aspen 

from increased precipitation and temperature was offset by insect disturbance.  

Trembling aspen stands have experienced severe and broad extent die-back in southern 

boreal forests because of drought (Hogg et al., 2002; Michaelin et al., 2011). Though, aspen 

dieback is restricted to small patches on south facing slopes in Yukon (Yukon Energy, Mines and 

Resources, Forest Management Branch, 2015). Trembling aspen often occur on steep rocky 

south-facing slopes resulting in deformed or stunted trees (Oswald and Brown, 1987). Subtle 

increases in precipitation were likely moderated by increasing temperature and 

evapotranspiration demand on the warmest sites with well-drained soils (Price et al., 2013). 

Trembling aspen on less hospitable sites may have experienced droughts more intensely. Even if 

mortality did not occur, this would be reflected in NDVI values. 

3.6.6 Effects of Soil Moisture Regime on NDVI Trends 

Greening trends associated with soil moisture classes agreed with those determined for 

leading species and management strata. The highest percentage of greening pixels per soil 
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moisture regime classes were found in moist, very moist and moderately wet classes. Greening 

pixels declined as soil moisture increased and decreased outside of moist, very moist, and 

moderately wet soil moisture classes. White spruce and subalpine fir are the dominant trees 

species on moist to moderately moist classes. As confirmation for soil moisture as a reason for 

aspen dieback, the dry soil moisture regime class, commonly occupied by trembling aspen, had 

2% browning pixels. Despite increasing forest vulnerability to greater intensity droughts 

(Anderegg et al., 2013; Allen et al., 2015), the adverse influence of hotter weather has yet to 

substantially impact vegetation across even the driest soil moisture regimes within Whitehorse, 

Yukon. Rather, the study area has experience greening or increased forest vigour, in lieu of 

disturbance, as has been described in continental and global scale studies (see Myneni et al., 

1997; Ju and Masek 2012). This suggests that evapotranspiration demand has not annulled the 

influence of increased precipitation and longer growing seasons. Although, further increases in 

temperature and precipitation could potentially be detrimental to boreal plants, because 

atmospheric moisture demand (vapour pressure deficit) increases nonlinearly with temperature, 

such that subtle rises in temperature can result in larger evapotranspiration demand (Williams et 

al., 2012; Besmears et al., 2013; Eamus et al., 2013;).  

3.6.7 Uncertainties and Limitations 

 The Landsat satellite archive has proven to be an invaluable tool for spatial and temporal 

ecological investigations (Cohen and Goward, 2004; Loveland and Dwer 2012; Wulder et al., 

2012; Kennedy et al., 2014; Turner et al., 2015; Pasquarella et al., 2016). Despite recent 

advancements, uncertainties remain in the application of Landsat data to ecological monitoring 

(Wulder et al., 2008a); within which this current study’s findings are included. Concerns include 

image collection (Banskota et al., 2014), spatial resolution (Townshend and Justice, 1988), inter 
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and intra-sensor calibration (Wulder et al., 2008b; Sulla-Menashe et al., 2016; Zhang et al., 

2016), and differences in time-series change detection algorithms (Cohen et al., 2016).  

The temporal distribution of available, and usable, Landsat scenes was strongly 

influenced by cloud cover and smoke. Also, a scan line corrector failure in May 2003 limited 

useful Landsat 7 ETM+ to the years from 1999 to 2002. To accommodate uncertainties regarding 

image selection, this study used a greenest annual pixel approach with NDVI (Roy et al., 2012) 

for a phenology window ranging from June 20th to July 31st (Baird et al., 2012). NDVI values 

were manually inspected when annual composites consisted of a large amount of pixels from 

images at the tail ends of the phenology window to ensure seasonality was not influencing results 

(with low NDVI values from leaf-off season).  

Medium spatial resolution Landsat data is limited to analysis only as small as 30 m forest 

patches. In the Whitehorse area it is common for tree species to exist together in patches smaller 

than 30 m (Oswald, 1986). This is especially true at tree-line in sub-alpine environments where 

tree cover is sparse and interspersed with shrubs (Reese et al., 2002). Because individual trees 

and understory shrubs are undistinguishable, more field data and finer resolution imagery is 

required to investigate changes in species composition and vigour at more detailed spatial scales. 

Inter- and intra-sensor calibration, and subtle changes in satellite orbit paths, have been 

known to cause spurious regional NDVI browning (Sulla-Menashe et al., 2016; Zhang et al., 

2016). To address this, Landsat TM and ETM+ scenes were cross-calibrated to address subtle 

inter-sensor NDVI difference (Ju and Masek, 2016). Landsat 7 ETM+ was presumed not to have 

degraded throughout its short lifespan prior to SLC failure, and Landsat 5 TM was found to be 

sufficiently stable throughout its lifespan (Sulla-Menashe et al., 2016). Further validation of 

appropriate image selection, and inter and intra-sensor calibration, is evident in that no 



 81 

discernible regional browning trends were observed nor did landscape units respond differently 

over time.  

It is important to ask which change detection algorithm is suitable for a study. Cohen et 

al., (2017) examined seven different change detection algorithms using multiple vegetation 

indices. Interestingly, all seven methods produced different results; however, stand replacing 

disturbances were much easier to detect than gradual changes in vegetation vigour. Assessing 

gradual change is very complex and results can be convoluted with spectral noise common in 

temporal trajectories. Furthermore, the largest challenge facing remote sensing studies 

investigating gradual change is the lack of available field data both spatially and temporally 

(Voglemann et al., 2016).  

In the present study, several precautions were applied to avoid disturbance 

misrepresentation.  Foremost, the most ubiquitous approach (NDVI linear trend analysis) in 

Subarctic and Arctic greening research was selected as the preferred method. Other Artic and 

Subarctic NDVI time-series have been validated with field measurements (D’Arrigo et al., 1987; 

D’Arrigo et al., 2004; Lloyd and Bunn, 2007; McGuire et al., 2010; Beck et al., 2011; Berner et 

al., 2011) and other satellite sensors (Myneni et al. 1997; Goetz et al., 2005; Bunn and Goetz, 

2006; Verbyla, 2008; Parent and Vebyla, 2010; Beck and Goetz, 2011; Ju and Masek, 2016).  

Moreover, stand-replacing disturbances were excluded from analysis to avoid unwanted results, 

and to focus on gradual change. Government forest health maps were used to interrogate gradual 

disturbance, where possible. Nevertheless, using multiple vegetation indices and change 

detection algorithms, although rarely explored in artic and Subarctic regions, is an important 

approach for future vegetation studies (Ju and Masek, 2016). Although, beyond the scope of this 
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study, findings contained herein provide a baseline with which to apply alternate change 

detection algorithms in Whitehorse, Yukon.   
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Chapter 4: Summary and Future Work 

Ecological responses to climate change are heterogeneous across regional scales (Ju and 

Masek, 2016). It is generally accepted that early-stage biome shifts specific to species 

physiological thresholds to temperature and precipitation are occurring (Walther et al., 2002). 

Also, that changes in local climate will have profound influence on both abiotic and biotic 

disturbance regimes (Price et al., 2013). This study contributes to an array of research 

investigating biome shifts within Arctic and Subarctic ecosystems (see Beck et al., 2011; Juday 

et al., 2015). Findings agree with other research that suggests treelines are moving upwards in 

altitude (Grace et al., 2002), and that local disturbance regimes are increasing associated with 

climate change (Hogg and Wein, 2005; Wagner and Doak, 2013; Yukon Energy, Mines and 

Resources, Forest Management Branch, 2014. 

However, results of the present study indicate that greenness trends are still highly 

variable even when stratified by environmental variables at the landscape scale. Field 

observations and further investigation into the relative and combined influence of environmental 

variables is an important area of future research. Most interesting in this research was the strong 

greening response of white spruce over time and absence of a vegetation trend in trembling 

aspen. Given the prevailing browning trend of white spruce in Alaska (Barber et al., 2000; Baird 

et al., 2012), massive aspen die-back in the southern boreal forest (Michaelin et al., 2011), and 

that atmospheric moisture demand increases non-linearly with precipitation (Anderegg et al., 

2013; Allen et al., 2015), it is important to continue to monitor vegetation as responses may vary 

as temperature and precipitation increase in Whitehorse, Yukon. Table 4.1 summarizes NDVI 

trends across landscape units from 1984 to 2009 in Whitehorse Yukon. 
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Table 4.1: Summary of NDVI trends across investigated landscape units from 1984 to 2009 for Whitehorse, 

Yukon (significance, p<0.05). 

 
Landscape Unit Proportion of 

Browning (%) 

Proportion of 

Greening (%) 

Dominant 

Trend 

Trend 

Significance 

A
re

a 

Whitehorse Study Area 1 37 Greening Significant 
Lowlands 2 30 Greening Significant 

Uplands 1 34 Greening Significant 
Subalpine 0 51 Greening Significant 

North-facing  1 46 Greening Significant 
South-facing 2 22 Greening Insignificant 

No-aspect 1 38 Greening Significant 
1958 Burn 1 45 Greening Significant 

1991 Burn  0 18 Greening Insignificant 

L
ea

d
in

g
 S

p
ec

ie
s 

Deciduous 4 24 Greening Insignificant 
   Balsam Poplar 0 70 Greening Significant 

   Birch 0 56 Greening Significant 
   Trembling Aspen 4 21 Greening Insignificant 

Lodgepole Pine 1 33 Greening Significant 

Subalpine Fir 0 48 Greening Significant 
White Spruce 1 42 Greening Significant 

Lowland White Spruce 2 31 Greening Insignificant 
Upland White Spruce 1 41 Greening Significant 

Subalpine White Spruce 0 54 Greening Significant 

S
tr

at
a 

T
y

p
e 

Deciduous 5 16 Greening Insignificant 
Deciduous Pine 3 31 Greening Insignificant 

Deciduous Spruce 3 24 Greening Insignificant 
Fir 0 33 Greening Significant 

Fir Mix 0 51 Greening Significant 
Pine 1 35 Greening Significant 

Pine Deciduous 1 35 Greening Significant 

Pine Spruce 1 31 Greening Significant 
Spruce 1 48 Greening Significant 

Spruce Deciduous 2 27 Greening Insignificant 
Spruce Pine 1 38 Greening Significant 

S
o

il
 M

o
is

tu
re

 R
eg

im
e 

Dry  2 20 Greening Insignificant 
Moderately Dry 1 32 Greening Significant 

Moderately Fresh 1 39 Greening Significant 

Fresh 1 38 Greening Significant 
Very Fresh 1 41 Greening Significant 

Moderately Moist 0 40 Greening Significant 
Moist 1 50 Greening Significant 

Very Moist 1 60 Greening Significant 

Moderately Wet 1 55 Greening Significant 
Wet  1 42 Greening Significant 

Very Wet 0 43 Greening Significant 

 

With reference to the research questions posed at the outset of this study, the following 

conclusions can be drawn from the analyses contained herein:  
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1. Does a significant vegetation browning or greening trend exist in Whitehorse, Yukon? 

An overall greening trend was present in Whitehorse, Yukon from 1984 to 2009. Results 

were consistent with regional scale research into vegetation greenness trends using Landsat data 

(see Ju and Masek, 2016). Likewise, results are also comparable to parallel studies that show 

widespread greening trends in Subarctic and artic regions using field data (D’Arrigo et al., 2004; 

Berner et al., 2011; Griesbauer and Green, 2012), climate measurements (Hall et al., 1975; 

Keeling et al., 1996; Myneni et al., 1997) and other satellite-derived data sets (Goetz et al., 2005; 

Bunn and Goetz, 2006; Alcaraz-Segura et al., 2010; Beck et al., 2011; Price et al., 2013; Guay et 

al., 2014; Wylie et al., 2014). 

2. Can browning or greening trends be attributed to different vegetation classes, 

landscape positions, or topographic classes? 

Notwithstanding prevalent greening trends throughout the study area, several landscape 

classes displayed more pronounced and nuanced trends. The most intriguing result was the 

prominent greening trend of white spruce in Whitehorse. This finding is contrary to browning 

trends of white spruce in Alaska and other parts of Yukon (Barber et al., 2000; Beck et al., 2011; 

Baird et al., 2012). Additionally, subalpine white spruce at the tundra treeline ecotone displayed 

even more greening than other white spruce classes suggesting the presence of an early-stage 

biome shift (Beck et al., 2011). Furthermore, sites with characteristics favoured by white spruce; 

north-facing slopes and moist to moderately wet soil moisture regimes had more greening than 

other areas in aspect and soil moisture classes. Subalpine fir forests also had pronounced 

greening relative to other landscape units as expected per latitudinal and altitudinal upwards 

movement of treeline at ecotone edges (Grace et al., 2002; Wookey et al., 2009). It is postulated 

that increase in shrub density and productivity strongly influenced increasing subalpine NDVI 

too (Jia et al., 2009; Myers-Smith, et al 2011). 
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3. What are the major drivers impacting brownness and greenness on a landscape scale? 

Climate was the principal driver of greenness changes in Whitehorse, Yukon from 1984 to 

2009. Variability in the magnitude of study area NDVI values corresponded to drought years and 

years of increased precipitation. Comparable results were found across leading species and 

management strata. Findings concur with studies at the forest stand scale that suggest boreal 

vegetation response to climate influences is species dependent and highly site specific (D’Arrigo 

et al., 2000; Kharuk et al., 2013; Danby and Hik, 2007; Miyamoto et al., 2010; Griesbauer and 

Green, 2012; Juday et al., 2015). Subtle increases in precipitation and temperature can benefit 

vegetation at one site while being detrimental at another because said benefits may be offset by 

evapotranspiration demand (Price et al., 2013), or plants may not be able to access water due to 

shallow rooting zones and soil characteristics (Verbyla, 2015). Balsam poplar and birch species 

gained from increased temperature and precipitation. Consistent with occupation of dry areas 

(Hogg and Hurdle, 1995; Hogg and Wein 2005), and a widespread aspen serpentine leaf miner 

outbreak throughout the time-series (Yukon Energy, Mines and Resources, Forest Management 

Branch, 2009; Wagner and Doak 2013), no greening trends were significant in any classes with 

strong trembling aspen components.  

  Dynamic changes are occurring in Canadian and Alaskan boreal forests. Southwestern 

Yukon and Whitehorse is one of the most populous areas in Canada’s Arctic and Subarctic that 

will experience these changes, first hand. Accordingly, research into the impacts of climate 

change on surrounding forests should continue to inform adaptation strategies. More research to 

determine the impact of greening and more frequent disturbances on the forest resource sector in 

Yukon is needed on how forest management practices and harvesting can adapt to forest 

greening. Another area of future research is how greening trends are impacting traditional forest 
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use. Yukon First Nations use the forest in all aspects of life; forests provide fuel, food, medicine, 

spirituality and cultural well-being (Yukon Energy, Mines and Resources, Forest Management 

Branch, 2018).  From a remote sensing perspective, the logical next steps would be to confirm 

observations across different change detection techniques and vegetation indices. Future work 

should investigate more robust statistical methods such as non-parametric methods or methods 

more resistant to outliers such as Theil-Sen regression (Fernandes & Leblanc, 2005) as a 

replacement for pixel-wise linear regression. While NDVI has displayed insensitivity in areas of 

high or low biomass (Baret and Guyot, 1991), affirmation of trends by less sensitive indices such 

as the enhanced vegetation index (Huete et al., 2002), tasseled cap transformation (Kauth, 1976) 

or disturbance index (Healy et al., 2005) is warranted. Another useful approach would be to look 

for disturbances within a time-series by deriving a piece-wise trend (see Kennedy et al., 2010). 

Better understanding of landscape unit influences on boreal greenness trends might be gained if 

the relative influence of different site characteristics were examined by statistical methods using 

multiple predictor variables. Some suggested statistical methods are multivariate analyses, 

principle components analysis or machine learning decision trees such as random forest (James 

et al., 2013).   

There are opportunities to expand the time series used in this work, both spatially and 

temporally. Inclusion of Landsat 8 OLI images from 2013 to the present might provide further 

insights into forest change, particularly the recent effects of the aspen serpentine leaf miner 

decline. A recent applicable approach to address NDVI continuity between Landsat 7 ETM+ and 

Landsat 8 OLI that might be useful is suggested by Roy et al. (2016). Moreover, it would be 

interesting to extend the time series spatially to include all southwest Yukon and parts of Alaska. 

This would include a larger climate gradient ranging from the wet Pacific Coast to the sub arid 
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interior Yukon, giving insight to how a wider range of precipitation and temperature affect 

landscape classes. Additionally, field data such as tree ring analysis or vegetation plots over time 

may be able to validate NDVI trends in Whitehorse. Finally, access to field data is invaluable to 

validating broad extent trends observed in satellite imagery (Kaufmann et al., 2008; Beck et al., 

2011, Berner et al., 2011). 
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Appendices 

 
Appendix 1: Landscape position classes for Whitehorse, Yukon. 
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Appendix 2: Aspect classes for Whitehorse, Yukon. 
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Appendix 3: Burn area classes for Whitehorse, Yukon. 
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Appendix 4: Leading species classes for Whitehorse, Yukon. 
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Appendix 5: Management strata for Whitehorse, Yukon. 
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Appendix 6: Soil moisture classes for Whitehorse, Yukon. 
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Appendix 7: Landsat scenes used for greenest annual composites. 

Year Input Scenes Year Input Scenes Year Input Scenes 

1984   1985   1986   
  LANDSAT/LT5_SR/LT50580181984173   LANDSAT/LT5_SR/LT50580181984173  LANDSAT/LT5_SR/LT50580181986178 

  LANDSAT/LT5_SR/LT50580181984189   LANDSAT/LT5_SR/LT50580181984189  LANDSAT/LT5_SR/LT50580181986194 
  LANDSAT/LT5_SR/LT50580181984205   LANDSAT/LT5_SR/LT50580181984205  LANDSAT/LT5_SR/LT50580181986210 
  LANDSAT/LT5_SR/LT50580181984221   LANDSAT/LT5_SR/LT50580181984221  LANDSAT/LT5_SR/LT50580181986226 
  LANDSAT/LT5_SR/LT50590181984196   LANDSAT/LT5_SR/LT50590181984196  LANDSAT/LT5_SR/LT50580181986242 
         LANDSAT/LT5_SR/LT50590181986185 
         LANDSAT/LT5_SR/LT50590181986201 
         LANDSAT/LT5_SR/LT50590181986217 
          LANDSAT/LT5_SR/LT50590181986233 

1987   1991   1994   
  LANDSAT/LT5_SR/LT50580181987181   LANDSAT/LT5_SR/LT50580181991176  LANDSAT/LT5_SR/LT50580181994200 
  LANDSAT/LT5_SR/LT50590181987172   LANDSAT/LT5_SR/LT50590181991215  LANDSAT/LT5_SR/LT50580181994216 
  LANDSAT/LT5_SR/LT50590181987188      LANDSAT/LT5_SR/LT50590181994191 
  LANDSAT/LT5_SR/LT50590181987236      LANDSAT/LT5_SR/LT50590181994207 
         LANDSAT/LT5_SR/LT50590181994223 
          LANDSAT/LT5_SR/LT50590181994239 

1995   1996   1997   
  LANDSAT/LT5_SR/LT50580181995171   LANDSAT/LT5_SR/LT50580181996174  LANDSAT/LT5_SR/LT50580181997176 
  LANDSAT/LT5_SR/LT50580181995187   LANDSAT/LT5_SR/LT50580181996190  LANDSAT/LT5_SR/LT50580181997192 
  LANDSAT/LT5_SR/LT50580181995219   LANDSAT/LT5_SR/LT50580181996206  LANDSAT/LT5_SR/LT50580181997208 
  LANDSAT/LT5_SR/LT50580181995235   LANDSAT/LT5_SR/LT50580181996238  LANDSAT/LT5_SR/LT50580181997240 
  LANDSAT/LT5_SR/LT50590181995178   LANDSAT/LT5_SR/LT50590181996181  LANDSAT/LT5_SR/LT50590181997183 
  LANDSAT/LT5_SR/LT50590181995194   LANDSAT/LT5_SR/LT50590181996229  LANDSAT/LT5_SR/LT50590181997199 
  LANDSAT/LT5_SR/LT50590181995226      LANDSAT/LT5_SR/LT50590181997215 
  LANDSAT/LT5_SR/LT50590181995242         
1998   1999   2000   
  LANDSAT/LT5_SR/LT50580181998179   LANDSAT/LT5_SR/LT50580181999182  LANDSAT/LE7_SR/LE70580182000177 

  LANDSAT/LT5_SR/LT50580181998195   LANDSAT/LT5_SR/LT50580181999198  LANDSAT/LE7_SR/LE70580182000209 
  LANDSAT/LT5_SR/LT50580181998227   LANDSAT/LT5_SR/LT50580181999214  LANDSAT/LE7_SR/LE70580182000225 
  LANDSAT/LT5_SR/LT50590181998186   LANDSAT/LT5_SR/LT50580181999230  LANDSAT/LE7_SR/LE70580182000241 
  LANDSAT/LT5_SR/LT50590181998218   LANDSAT/LT5_SR/LT50590181999189  LANDSAT/LE7_SR/LE70590182000184  
      LANDSAT/LT5_SR/LT50590181999221  LANDSAT/LE7_SR/LE70590182000200 
          LANDSAT/LE7_SR/LE70590182000216 

2001   2003   2005   
  LANDSAT/LE7_SR/LE70580182000177   LANDSAT/LT5_SR/LT50580182003193  LANDSAT/LT5_SR/LT50580182005182 
  LANDSAT/LE7_SR/LE70580182000209   LANDSAT/LT5_SR/LT50580182003209  LANDSAT/LT5_SR/LT50580182005214 
  LANDSAT/LE7_SR/LE70580182000225   LANDSAT/LT5_SR/LT50580182003225  LANDSAT/LT5_SR/LT50590182005173 
  LANDSAT/LE7_SR/LE70580182000241   LANDSAT/LT5_SR/LT50580182003241  LANDSAT/LT5_SR/LT50590182005189 
  LANDSAT/LE7_SR/LE70590182000184   LANDSAT/LT5_SR/LT50590182003200  LANDSAT/LT5_SR/LT50590182005205  
  LANDSAT/LE7_SR/LE70590182000200       LANDSAT/LT5_SR/LT50590182005221 
  LANDSAT/LE7_SR/LE70590182000216         
2007   2009      
  LANDSAT/LT5_SR/LT50580182007172   LANDSAT/LT5_SR/LT50580182009177    
  LANDSAT/LT5_SR/LT50580182007188   LANDSAT/LT5_SR/LT50580182009193    
  LANDSAT/LT5_SR/LT50580182007204   LANDSAT/LT5_SR/LT50580182009209    
  LANDSAT/LT5_SR/LT50580182007220   LANDSAT/LT5_SR/LT50590182009184     

  LANDSAT/LT5_SR/LT50590182007195   LANDSAT/LT5_SR/LT50590182009216    
  LANDSAT/LT5_SR/LT50590182007227         
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Appendix 8: NDVI browning on moderately dry south-facing ridges dominated by trembling aspen (left: 2009 

air photo, right: 2009 air photo with significant browning pixels overlain). 
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