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Abstract 

Recent climate warming has resulted in substantial changes in vegetation production at 

high northern latitudes (above 60°N). Understanding the direction, magnitude, and rate of these 

changes warrants investigation given that tundra and boreal biomes play important roles in global 

energy partitioning and carbon sequestration. Satellite-based measures of aboveground 

production have indicated both positive and negative trends across tundra and boreal biomes over 

the last 30 years, respectively. The purpose of this research was to examine the relationship 

between the remotely-sensed normalized difference vegetation index (NDVI), a widely used 

indicator of primary production, and interannual variation in ring-widths of dominant coniferous 

and deciduous species situated in a boreal mountainous region of southwest Yukon, Canada. 

Trends in maximum annual NDVI from 1990 to 2013 were generated from two Advanced Very 

High Resolution Radiometer (AVHRR) datasets: The Alaska Composite NDVI (1km), and the 

third generation Global Inventory Modeling and Mapping Studies (GIMMS3g) NDVI (8km). 

Results from the NDVI trend analysis indicated a dominant low-level greening trend across the 

study region. Twenty 1km2 sites, divided equally between those undergoing “high greening” 

(NDVI/yr > 0.004) and “low greening” (NDVI/yr 0 – 0.003) trends were selected for 

dendrochronological sampling. During the summer of 2014, the dominant coniferous and 

deciduous species were sampled at each site. Annual rings were measured and standardized, 

yielding two chronologies (coniferous and deciduous) for each site. Ring-width trends varied in 

direction and magnitude for both coniferous and deciduous species. Agreement between NDVI 

trends and ring-width trends was low; however, eight coniferous site chronologies showed 

significant positive correlation (p < 0.05) with GIMMS3g NDVI during the growing season. Our 

findings suggest that while trends in maximum annual NDVI do not consistently reflect changes 
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in radial growth of dominant species, ring-widths may be reflected in NDVI at some point during 

the growing season. We hypothesize that correlation between NDVI and ring-widths remains low 

in southern Yukon due to landscape heterogeneity, low spatial resolution of NDVI time series, 

and shifts in energy and resource allocation within individual plants as a response to a changing 

climate.  
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Chapter 1 

Introduction and Literature Review 

1.1 Context 

Global average surface air temperatures have continued to rise since the mid-20th century; 

however, the pattern is non-uniform, and northern latitudes have experienced the greatest degree 

of climate warming (IPCC 2014). Rising temperatures have led to an associated change in the 

production of northern vegetation (Myneni et al. 1997; Hudson & Henry 2009; Forbes et al. 

2010; Fraser et al. 2011), which will likely enhance climate warming, as these ecosystems play 

important roles in regulating climate through surface albedo and carbon cycling (Chapin et al. 

2000; Bonan 2008). Examining the relationship between recent climatic change and 

contemporary vegetation change in northern regions will lead to a better understanding of how 

continued climate change will affect these ecosystems in the future.  

High northern latitude boreal and tundra ecosystems are expansive terrestrial biomes that 

are found across the circumpolar north (Kimball et al. 2006). Short growing seasons, seasonally 

cool temperatures, and permafrost-rich soils characterize the environment within these biomes. 

Dominant vegetation in the treed boreal biome consists mainly of spruce (Picea), pine (Pinus), 

and larch (Larix) species, while dwarf shrubs, grasses, lichens, and sedges dominate the more 

northern treeless tundra biome. Aboveground net primary production (NPPab) is considered to be 

relatively low across these biomes (~10% of global production), however warming temperatures 

and longer growing seasons in recent decades have been linked to increasing trends in NPPab 



 

 

 

2 

(Myneni et al. 1997; Jia et al. 2003; Kimball et al. 2006). Recent changes in tree growth 

(Gamache & Payette 2004), tree density (Danby & Hik 2007b), and range expansion of tree 

(Harsch et al. 2009) and deciduous shrub species (Tape et al. 2006; Forbes et al. 2010) have also 

been observed along altitudinal and latitudinal boreal-tundra transition zones. These findings 

indicate substantial changes to northern vegetation.  

High northern latitude vegetation is sensitive to changes in climate and thus many 

ecosystem processes associated with plant production, such as carbon cycling and natural 

disturbance regimes, can act as climate feedbacks (Chapin et al. 2000). Together, boreal and 

tundra biomes account for roughly 30% of global terrestrial stored carbon (Myneni et al. 1997; 

Kimball et al. 2006), which is comparable to 15-30% of annual global carbon emissions from 

anthropogenic sources (Myneni et al. 2001). A large portion of this stored carbon is found within 

the cold and relatively stable soils of permafrost-rich environments. Rising surface air 

temperatures have resulted in considerable thawing of the circumpolar continuous and 

discontinuous permafrost (Schuur et al. 2008). Permafrost thaw allows for possible plant 

colonization (Lloyd et al. 2003), further reducing albedo of the landscape and increasing soil 

carbon emission through active microbial methane production (Zimov et al. 2006). Rising 

temperatures can also increase the frequency and severity of large-scale disturbances (primarily 

fire and insects), which is hypothesized to contribute to carbon feedbacks through increased 

carbon emissions and the priming of landscapes for further plant colonization (Brown 2010).  

Generally, high northern latitude ecosystems have experienced increasing NPPab in recent 

decades (Myneni et al. 1997; Slayback et al. 2003); however, this phenomenon is non-uniform, as 
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localized declines in NPPab have also been observed in large parts of boreal regions (Bunn & 

Goetz 2006; Verbyla 2008; Piao et al. 2011). Understanding the spatial and temporal 

heterogeneity of recent changes in NPPab of these biomes is fundamental for quantifying possible 

climate feedbacks, as well as testing the adaptability of economically important tree species (e.g. 

black spruce, Picea mariana (Mill.) Britton, Sterns, and Poggenburg). Both remotely-sensed and 

dendrochronological indices have proven useful in this regard; however, very little research has 

examined the association of the two. The main focus of this thesis is therefore to examine the 

relationship between remotely-sensed production indices and those derived from analyses of 

annual ring-widths from dominant woody vegetation (i.e. dendrochronology), yielding a more 

robust analysis of recent regional production change. Chapter 1 provides a brief description of 

previous research relating remotely-sensed products and dendrochronological indices to high 

northern latitude vegetation change, as well as a description of the few studies that have linked 

the two indices together. The chapter concludes with a description of the specific goals and 

objectives of this research. Chapter 2 presents the research in its entirety, including methods, 

results and discussion. Chapter 3 provides a brief synthesis of findings, outlining possible 

limitations within the data and analyses, and highlights areas where future work may occur.  

 

1.2 Multi-temporal Remote Sensing of Northern Ecosystems 

Evaluating changes in NPPab across high northern latitudes has remained challenging due 

to the relatively short time period in which global area coverage data has been collected (Bunn et 

al. 2013). In the early 1980s, ecologists began taking advantage of recent satellite-based 



 

 

 

4 

vegetation monitoring information to quantify global terrestrial production (Myneni et al. 1997; 

Bunn & Goetz 2006; Berner et al. 2011; Eastman et al. 2013) The most commonly used satellite-

based measure of NPPab is the normalized difference vegetation index (NDVI).  NDVI is 

measured using satellite sensors, which detect the portion of red and near infrared light reflected 

by a plant canopy (see Pettorelli et al. 2005). An equation based on this spectral radiance ratio 

can be applied to derive NDVI: 

 

Where ρNIR is the proportion of near infrared light, and ρRED is the proportion of red light 

reflected from the plant canopy.  

NDVI values range from -1.0 to +1.0; where negative values correspond to non-vegetated 

surfaces and positive values to vegetated surfaces. NDVI values above 0.4 are typically 

associated with forested landscapes (Baird et al. 2012); however, differences in NDVI maxima, 

which frequently occur during peak growing season, vary with forest type (Van Ewijk et al. 

2014).   

The spectral data used to generate NDVI is collected by sensors on board many different 

satellites and is refined by several organizations (e.g. NASA, USGS, NRCanada, etc.), resulting 

in a variety of available NDVI datasets that vary in spatial and temporal extent (Guay et al. 

2014). A common NDVI time series used in circumpolar NPPab research is the Global Inventory 

Modeling and Mapping Studies (GIMMS) NDVI, which is derived by NASA using the 

Advanced Very High Resolution Radiometer (AVHRR) on board a series of National Oceanic 
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and Atmospheric Administration (NOAA) satellites. The GIMMS product represents the longest 

(dating back to 1981) and best-documented record of global vegetation monitoring and has a 

spatial resolution of 8km (Tucker et al. 2005). It has also gone through several iterations to better 

reflect vegetation production in northern environments (Pinzon & Tucker 2014). Other NDVI 

products use the AVHRR, but narrow the focus to a smaller spatial extent and are provided at a 

higher resolution. Two such products are the USGS Alaska Composite and the Canada Centre for 

Remote Sensing (CCRS) dataset, which has a spatial resolution of 1km, and focus on Alaska and 

northern Canada, respectively (Eidenshink 2006; Alcaraz-Segura et al. 2010). Beginning in the 

early 2000s, newer sensors, such as the Moderate Resolution Imaging Spectroradiometer 

(MODIS), the Satellite Pour l’Observation de la Terre (SPOT), and the Sea-viewing Wide Field-

of-view Sensor (SeaWiFS), began generating global NPPab data at higher resolutions (250m to 

1000m). Higher resolution products have allowed for direct comparisons between satellite data 

and field-based measurements of biomass across biomes (Running et al. 2004). Running et al. 

(2004) synthesized data on known ranges of NPPab based on field data in select biomes and tested 

them against MODIS NPPab values. Results showed that satellite derived NPPab consistently 

reflected field-based measures in boreal, tropical, and grassland biomes.  

The link between NDVI and NPPab has been well established, both theoretically (Curran 

1980; Sellers 1985; Sellers et al. 1992) and empirically (Running et al. 2004; Wang et al. 2004; 

Raynolds et al. 2012). Wang et al. (2004) examined the relationship between NDVI and ground-

based measures of production in an eastern Kansas forest and found strong correlation between 

NDVI and forest production metrics, such as foliage biomass, seed production, and radial growth 
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of select oak species.  Another study by Raynolds et al. (2012) compared maximum annual 

NDVI against sampled aboveground tundra biomass across two trans-Arctic transects. Results 

showed a very strong correlation between tundra biomass and NDVI along North American and 

Eurasian transects. NDVI has been proven to consistently reflect various metrics associated with 

NPPab across biomes and is therefore considered a good index for NPPab at regional and global 

scales. 

NDVI has also found application in forest resource management, historical wildfire studies, 

agricultural impact analyses, and modeling carbon dioxide exchange in the high Arctic (see 

review by Pettorelli et al. 2005). Generating time series and monitoring trends in NPPab 

represents a more recent application of NDVI due to the relatively short time period of available 

data. Using a ten-year time series (1981-1991) of biweekly AVHRR NDVI, Myneni et al. (1997) 

showed early evidence of increasing, or “greening” trends, in northern high latitude aboveground 

production. Greening of the tundra biome is supported by other NDVI trend analyses (Jia et al. 

2003; Slayback et al. 2003; Fraser et al. 2011), as well as ground-based measurements, such as 

repeat photography (Tape et al. 2006) and biomass harvesting (Raynolds et al. 2012), all of which 

indicate a substantial increase in the growth and abundance of deciduous shrub species.   

While trends in NPPab within the tundra biome become increasingly understood, our 

knowledge of NPPab trends within the boreal biome remains varied.  Recent works at regional 

(Verbyla 2008; Parent & Verbyla 2010; Piao et al. 2011) and circumpolar (Bunn & Goetz 2006; 

Beck & Goetz 2011) scales suggest increased variability in the magnitude and direction of NDVI 

trends within the boreal biome compared with the results previously suggested by Myneni et al. 



 

 

 

7 

(1997). Bunn and Goetz (2006) completed a circumpolar NDVI trend analysis from 1981 to 2003 

using the first generation GIMMS dataset (GIMMSg) and found that most land surfaces (86%) 

above 50°N showed no significant (p < 0.05) change in NPPab. Of the areas that did show 

significant change, greening was the consistent and predominant trend in tundra environments, 

while negative, or “browning” trends, were more prevalent across the boreal forest. Beck and 

Goetz (2011) completed an updated circumpolar NDVI trend analysis and came to similar 

conclusions to that of Bunn and Goetz (2006). Previous research suggests that boreal browning is 

the result of climate induced moisture stress (Bunn & Goetz 2006; Verbyla 2008; Beck & Goetz 

2011); however, unlike research completed in the tundra biome, the relationship between boreal 

NDVI trends and field-based measures of productivity remains very limited. Further work is 

needed to determine the validity of this hypothesis, as well as the magnitude and spatial extent of 

this phenomenon. 

 While NDVI represents a good indicator of regional and global NPPab, it is not without 

issue. It is important to note that most research to date regarding NPPab trends at high northern 

latitudes has relied on the interpretation of GIMMSg data due to its availability and broad 

geographic scope. Guay et al. (2014) compared trends from GIMMSg to its recent successor, 

GIMMS third generation (GIMMS3g), as well as to other NDVI data from SPOT and MODIS 

sensors, and found surprising differences amongst trends. Their results revealed a high level of 

agreement between the two GIMMS products with regards to greening in the circumpolar tundra; 

however, trends in needle-leaf evergreen forests varied significantly between the two datasets. 

GIMMS3g data indicated a general greening trend across most of the boreal biome where its 
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predecessor indicated browning (Guay et al. 2014). Browning did occur in the GIMMS3g trend 

analysis, but was limited to a few areas in the Northwest Territories (NWT), interior Alaska, and 

western Eurasia. Guay et al. (2014) also examined agreement between the GIMMS3g, SPOT, and 

MODIS sensor data over a more recent 7-year period (2002-2008). Only 40% of pixels were in 

agreement (greening: 27.8%, browning: 12.2%) across the circumpolar north (Guay et al. 2014). 

These findings demonstrate considerable variability between datasets and illustrate the need for 

caution when interpreting NDVI from a single source. 

 Another issue associated with the use of NDVI for monitoring NPPab trends is the 

resolution, or pixel size, at which these products are generated. Most high northern latitude NPPab 

trend research is conducted using a GIMMS ca. 8km (64km2 resolution) product, which results in 

production trends being “blurred” over a very large area (Alcaraz-Segura et al. 2010). Alcaraz-

Segura et al. (2010) examined NDVI trends in recently burned forests using the GIMMSg and an 

AVHRR 1km dataset derived by the CCRS. Results from this study illustrate the impact of 

production blurring, as the GIMMSg trends remained relatively stable, or in some cases continued 

browning, while the CCRS dataset indicated greening at each burned site. 

At a plant canopy level, mixed species stands pose problems for NDVI, as there is the 

potential of incorporating species undergoing opposing growth patterns within a single pixel, 

increasing the level of noise within the NDVI signal (Coops et al. 2004; Jiang et al. 2006). Coops 

et al. (2004) examined potential bias within high resolution (ca. 20m) and coarse resolution (ca. 

1km) NDVI products on a fragmented forested landscape and found that the coarser resolution 

product consistently over-estimated production. Although these issues may not pose serious 
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problems for rather homogeneous landscapes (e.g. tundra biome), heterogeneous landscapes (e.g. 

regions composed of a mosaic of lakes, bogs, fire-scarred areas, etc.) impede the ability of NDVI 

to produce accurate measures of productivity at such coarse scales.  

 Despite the challenges that exist with analyses of NDVI trends (especially at high 

northern latitudes) the method represents the best available tool for monitoring continuous 

changes in NPPab across large geographic areas. Still, remotely-derived indices of productivity 

like NDVI can provide us with an idea of magnitude, rate, and direction of change, over a 

relatively short time period (1981-present). Pairing remotely-sensed data with field-based 

measurements on vegetation growth, establishment, and stand complexity allows for a more 

complete understanding of how vegetation is changing.   

 

1.3 Dendrochronology in the Circumpolar North 

Dendrochronology, defined as the study of annual growth in trees, provides an 

understanding of high frequency vegetation response to climate (see Danby 2011). 

Dendrochronology is possible due to woody vegetation being subject to variations in climate (e.g. 

temperature, precipitation, time of snow melt, etc.) and site-level stressors (e.g. canopy cover, 

herbivory, resource competition, etc.), which are reflected in the variation in incremental annual 

ring-widths (Speer 2010).  

In order to compare ring-widths against annual climate variables, samples must be 

processed to generate site-level chronologies, which provide a measure of annual ring-width 

variation within a given forest stand. The methods are well established (Speer 2010). Samples are 
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first collected in the field from mature, canopy dominant individuals that are assumed to best 

reflect climate as opposed to site-level stressors. Using an increment borer, samples are extracted 

at breast height (~1.3m above the ground) rather than at the base of the tree, as samples from the 

base may result in a climate signal compounded by age-related growth trends (Speer 2010). Upon 

returning to the lab, samples are dried, mounted, and sanded to a high polish. Individual samples 

are then crossdated, measured, and standardized to produce site level chronologies. Crossdating is 

the main tool for assigning calendar dates to each ring within a sample. Crossdating also allows 

for patterns of wide and narrow rings to be matched between samples within a study area in order 

to determine the presence of false or absent rings (Speer 2010). All samples are first visually 

crossdated. Annual ring-widths are then measured under a microscope, and the measurements are 

then processed through crossdating software, such as COFECHA (Laboratory of Tree-Ring 

Research, University of Arizona, Tucson, Arizona, USA). A standardization method is used to 

remove any age-related growth trends in ring-widths (Cook & Peters 1997). The most 

conservative standardization is fitting ring-widths to a negative exponential curve, as this curve is 

suggested to follow the model of tree growth (Speer 2010). Once cross dated and standardized, a 

site level chronology can be generated and used for comparison against meteorological data, 

providing a measure of stand-level response to climate. 

The relationships between ring-widths and climatic variables across high northern 

latitudes are well studied. Studies have shown that historically, temperature has played a 

dominant role in limiting tree growth across northern latitudes and altitudinal environments 

(Lloyd & Fastie 2002; D’Arrigo et al. 2008; Büntgen et al. 2008). D’Arrigo et al. (2008) 
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examined the relationship between temperature and ring-widths of Alaskan white spruce (Picea 

glauca (Moench) Voss). Results showed significant positive correlation between current year 

July-August temperatures and ring-widths from 1910-1970. Büntgen et al. (2008) came to similar 

conclusions in the European Alps, using alpine larch (Larix decidua (Mill.)) and Norway spruce 

(Picea abies (L.) H. Karst). Tree ring-widths were significantly correlated to summer 

temperatures during the period of 1864 to 1933 (Büntgen et al. 2008). Field experimentation has 

also supported the hypothesis of temperature limited tree growth. Danby and Hik (2007a) 

completed in-situ experimental warming on white spruce seedlings at several altitudinal treeline 

locations in the Yukon Territory using open top chambers (OTC), which artificially warmed 

surface air temperature by 1.8°C. Results showed that under warming conditions, seedlings grew 

significantly taller and had wider annual ring-widths.   

While the relationship between ring-width and temperature seems relatively straight 

forward, recent research suggests that in the mid-20th century, tree ring-widths began to show 

signs of decreasing temperature sensitivity across northern latitudes, hereafter referred to as ring-

width temperature divergence (D’Arrigo et al. 2008). Lloyd and Fastie (2002) carried out a tree 

ring-width analysis at several altitudinal treeline locations in interior Alaska to examine spatial 

and temporal variability in radial growth of white spruce. Results indicated a decrease in 

temperature sensitivity in tree rings beginning around 1950 and, in some cases, tree rings showed 

significant negative correlations to temperature. This occurred at all sites except for those in the 

wettest region of the Alaska Range. Similar observations have been made in other parts of 

interior Alaska (Barber et al. 2000), at latitudinal treeline locations in NWT (MacDonald et al. 
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1998), and in northern Siberia (Lloyd & Bunn 2007). It is hypothesized that rising temperatures 

have shifted tree growth from a temperature to moisture-limited system (D’Arrigo et al. 2008). 

Still, it is important to note that ring-width temperature divergence is not uniform across all 

northern regions, as other studies have continued to find a positive relationship between 

temperature and radial growth (Mamet & Kershaw 2011).  

 Until recently, very little work has examined the relationship between climate and high 

northern latitude/altitudinal shrub species, likely due to their clonal nature and shortened lifespan. 

While a link between rising summer temperatures and wider ring-widths has been suggested in 

shrub-dominated tundra (Blok et al. 2011; Hallinger et al. 2010; Myers-Smith et al. 2011; Tape et 

al. 2012), correlation between temperature and ring-widths is variable across high northern 

latitudes (Myers-Smith et al. 2015). Myers-Smith et al. (2015) synthesized ring-width data from 

37 sites across the circumpolar north and found shrub growth at European sites to be much more 

temperature sensitive than North American sites. It was also found that sensitivity to temperature 

increased with greater soil moisture when species were at their northern or elevational range 

edge. Myers-Smith et al. (2015) suggest further work is needed in order to determine the link 

between climate, aboveground ecosystem productivity, and shrub growth. 

 Several limitations are acknowledged in the use of dendrochronology in remote northern 

regions. First, the relationship between ring-widths and climate is limited to the area of study. 

Ring sensitivity and response to climatic variables changes with respect to geography (Speer 

2010; Myers-Smith et al. 2015). Spatial extrapolation of ring-width trends is therefore often 

discouraged, especially within the boreal biome as tree ring analyses in eastern boreal North 
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America continue to show a positive relationship with summer temperature (Mamet and Kershaw 

2011), while a negative response has been observed in western North America (Lloyd and Fastie 

2002). Second, field sampling in high northern latitudes is logistically demanding and is often 

limited by accessibility. Dendrochronological analyses are typically controlled by the number of 

samples taken within a study site, or by the geographic coverage of the study (e.g. limited to a 

select mountain slope). Finally, while the relationship between climate and dendrochronology is 

well researched, the relationship between ring-widths and total NPPab of a landscape remains 

undefined. Ring-widths can provide information regarding productivity if we assume that wider 

rings correspond to increased growth (increased production), and narrow rings correspond to 

decreased growth (less productive); however, this change in production is limited to the species 

being analyzed. It is also quite possible that a decreasing trend in ring-width does not indicate 

reduced production, but a change in carbon allocation within the individual from woody biomass 

production to increased foliage and root growth (Lapenis et al. 2013). Ring-widths in northern 

tree species should therefore be compared with NDVI in order to test their ability to reflect 

current, and previous (pre-1980s) NPPab values. 

 

1.4 Linking NDVI and Dendrochronology 

Remote sensing and dendrochronology are each considered central methods to monitoring 

NPPab and vegetation productivity (Pettorelli et al 2005; Danby 2011). Understanding the 

relationship between these two indices is important, especially given their respective data 

limitations. NDVI provides near global daily coverage of NPPab, but remains limited by its 
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relatively short record of available data (1980s-present). Tree rings extend our knowledge of past 

climate back by centuries, but analyses are limited spatially and their relationship to NPPab 

remains unclear. A comparison between indices therefore, provides a unique opportunity to 

examine if NPPab trends are reflected in both NDVI and ring-widths, thus broadening our 

understanding of high northern latitude NPPab change.  

The relationship between NDVI and ring-widths is not well researched. Early work by 

D’Arrigo et al. (2000) demonstrated a positive relationship between NDVI and ring-width 

measurements from Alaskan white spruce and Siberian larch (Larix gmelinii (Rupr.) Rupr.). 

Lopatin et al. (2006) showed a similar positive association between NDVI and Siberian spruce 

(Picea obovata Ledeb.) and Scots pine (Pinus sylvestris L.) in northeastern Russia. More recent 

works in Russia (Bunn et al. 2013), interior Alaska (Beck & Goetz 2011), and the NWT (Berner 

et al. 2011) show some positive association between NDVI and conifer ring-widths; however, 

this has not been consistent across the circumpolar north (Beck et al. 2013). Beck et al. (2013) 

examined the relationship between NDVI and ring-widths, using both GIMMSg and GIMMS3g 

NDVI from 1981-2000 at four latitudinal treeline sites in North America (Alaska -2, NWT – 2). 

They found no significant correlation between ring-widths and NDVI at any point during the 

growing season. Because most of this previous research has been carried out in continental 

interior boreal forest, Beck et al. (2013) hypothesize that NDVI may not provide a good 

indication of tree growth at forest-tundra transition zones, also known as treeline ecotones, which 

are characterized by a decrease in tree cover and an increased presence of woody shrub species. 
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To date, no research analyzing this relationship has been conducted at altitudinal treeline 

locations. 

Only a handful of studies have examined the relationship between NDVI and ring-width 

variability of deciduous shrub species (Forbes et al. 2010; Blok et al. 2011; Macias-Fauria et al. 

2012). Although these studies do indicate a positive relationship between NDVI and ring-widths 

from willow (Salix lanata L.), alder (Alnus fruticosa (Chaix) D.C.), and birch (Betula nana L.) 

species, sampling and subsequent NDVI analyses are geographically isolated to two shrub tundra 

regions of northern Russia. Similar to ring-width trends in coniferous species, interpretation of 

these results should not assume to reflect the NDVI-ring-width relationship with other shrub 

species and northern latitudes, regardless of a species circumpolar distribution. A more 

comprehensive geographic representation of deciduous shrub species ring-width variability 

across northern latitudes is required for a better understanding of its relationship to space-borne 

vegetation NPPab indices. 

 

1.5 Research Goal and Objectives 

The overarching research goal of this project was to examine the relationship between 

indices of productivity obtained from satellite remote sensing and dendrochronology in order to 

yield a more robust analysis of recent vegetation change in a mountainous boreal region of the 

Canadian subarctic. Southwest Yukon was chosen as a study region because it is a boreal 

mountainous environment, having both low-lying boreal forests and alpine tundra environments 

within close proximity. As well, southwest Yukon represents a spatial gap in our broader 



 

 

 

16 

understanding of NDVI-ring-width association. Three objectives were identified to achieve the 

research goal: 

(1) Examine the trends in maximum annual NDVI in southwest Yukon over a 24 year 

period (1990 to 2013) using two different NDVI datasets at different resolutions 

(ca. 1km and ca. 8km); 

(2) Determine annual-ring-width variability and trends across southwest Yukon over 

the same temporal period for both the dominant coniferous and deciduous species; 

(3) Analyze the relationship between maximum annual NDVI trends and ring-width 

trends in select pixels representative of different levels of greening, as well as 

analyze the relationship between biweekly growing season NDVI and ring-

widths. 

 

The AVHRR Alaska Composite (ca. 1km) 14-day NDVI as well as the GIMMS3g (ca. 

8km) 15-day NDVI were used in this study. Areas of high greening (NDVI/yr > 0.004) and low 

greening (NDVI/yr: 0-0.003) were the primary focus of this study, as browning trends were very 

few and isolated in the region. Twenty sites across southwest Yukon were selected for 

dendrochronological sampling based on analysis of the Alaska Composite NDVI trends. Sites 

were divided equally between high-elevation, “sub-alpine” (> 1000msl.) and low-elevation, 

“montane” (< 1000msl.) locations. Between 15-20 individuals from the dominant coniferous and 

deciduous species were sampled at each site in an area of approximately 20ha around a pixel’s 

centre, predetermined from the NDVI analysis. All results, including general NDVI and ring-
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width trends and the correlation analyses between indices are described in Chapter 2. Chapter 3 

provides a brief summary of all findings, as well as possible limitations within our analysis and 

direction for future analyses.  
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Chapter 2 

A 24-year Record of Vegetation Production Change Using NDVI and Tree Ring-width 

Indices Across Southern Yukon, Canada 

 

2.1 Abstract 

 Recent climate warming has intensified efforts to understand vegetation production at 

northern high latitudes, as boreal and tundra ecosystems help regulate global climate through 

radiative properties and carbon storage. Both remotely-sensed and dendrochronological 

measurements have indicated significant changes in aboveground vegetation production in these 

biomes; however, the relationship between the two remains unclear. We examined the 

relationship between remotely-sensed data, using the normalized difference vegetation index 

(NDVI), and ring-width measurements from dominant coniferous and deciduous species in a 

boreal mountainous region of southwestern Yukon to yield a more robust analysis of recent 

regional production change. Trends in NDVI from 1990 to 2013 were generated from two 

Advanced Very High Resolution Radiometer (AVHRR) datasets: the Alaska Composite NDVI 

(1km), and the third generation Global Inventory Modeling and Mapping Studies (GIMMS3g) 

NDVI (8km). From the trend analysis, twenty 1km2 pixels were selected for field sampling. 

Chronologies were developed for the dominant coniferous (Picea glauca and Picea mariana) and 

deciduous (Salix glauca, Alnus crispa, and Populus tremuloides) species at each site. Ring-width 

trends were then correlated to NDVI trends and biweekly growing season NDVI. Results from 
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our NDVI trend analysis indicated a low-level greening trend across the region (NDVI/yr of 0 – 

0.003). Ring-width trends varied in direction and magnitude in both coniferous and deciduous 

species. Agreement between NDVI trends and ring-width trends was low. Correlation between 

ring-widths and biweekly NDVI was also low; however, eight coniferous site chronologies 

showed significant positive correlation (p < 0.05) with GIMMS3g NDVI during the growing 

season. These findings suggest that while trends in maximum annual NDVI do not consistently 

reflect changes in radial growth of dominant species, ring-widths may be reflected in NDVI at 

some point during the growing season. We hypothesize that correlation between NDVI and ring-

width remains low in southwest Yukon due to landscape heterogeneity, low NDVI resolution, 

and shifts in energy and resource allocation within individual plants as a response to a changing 

climate. Further analyses regarding the relationship between satellite-based production indices 

and field-based measurements are required to develop a better understanding of how vegetation at 

a landscape-scale is responding to recent changes in climate. 

 

2.2 Introduction 

Global average surface air temperatures have continued to rise since the mid-20th century; 

however the pattern is non-uniform, and northern latitudes have experienced the greatest degree 

of climate warming (IPCC 2014). Rising temperatures in subarctic ecosystems across the 

circumpolar north have led to an associated change in aboveground plant production (NPPab) of 

boreal and tundra vegetation (Jia et al. 2003; Hudson & Henry 2009). This could enhance climate 

warming, as these ecosystems play dominant roles in regulating climate through radiative 
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properties and carbon storage (Chapin et al. 2000; Bonan 2008). Remotely-sensed indices and 

dendrochronology, defined as the study of annual tree ring-widths, represent central methods in 

understand the direction and magnitude of vegetation change at high northern latitudes 

(landscapes above 60°N) in response to recent climate warming. 

Beginning in the early 1980’s, many ecologists took advantage of satellite-based 

vegetation monitoring information to quantify global terrestrial production (Myneni et al. 1997; 

Bunn and Goetz 2006; Berner et al. 2011; Eastman et al. 2013). The most commonly used 

measure of NPPab is the normalized difference vegetation index (NDVI). Derivation of NDVI is 

made possible by differential reflectance of red and near infrared light by a plant canopy. 

Chlorophyll within vegetation absorbs high levels of radiative energy within the blue and red 

portions of the electromagnetic spectrum, while green and especially near-infrared portions are 

highly reflected (Pettorelli et al. 2005). NDVI is derived as: 

 NDVI = (ρNIR – ρRED/ρNIR + ρRED). 

Where ρNIR is the proportion of near infrared light, and ρRED is the proportion of red light 

reflected from the plant canopy. Values range from -1.0 to +1.0; where negative values 

correspond to non-vegetated surfaces and positive values to vegetated surfaces.  

The link between NDVI and NPPab, defined as the net photosynthetic production of a 

given ecosystem, has been well established, both theoretically (Curran 1980; Sellers 1985; Sellers 

et al. 1992) and empirically (Running et al. 2004; Wang et al. 2004; Raynolds et al. 2012). One 

recent application of NDVI data is the use of time series to determine rates, or trends, of NPPab 

change (Myneni et al. 1997; Slayback et al. 2003; Fraser et al. 2011). NDVI trends have led to 
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our initial understanding of recent changes in high northern latitude NPPab, where tundra and 

boreal ecosystems have shown significant increases and decreases in maximum annual NDVI 

over the past 30 years, respectively. These trends are more commonly referred to as “Arctic 

greening” and “boreal browning” (Jia et al. 2003; Bunn & Goetz 2006; Verbyla 2008). Field-

based biomass harvesting across the circumpolar tundra has linked Arctic greening to an increase 

in overall vegetation biomass with a significant increase in the growth and abundance of shrub 

species (Raynolds et al. 2012). The boreal browning phenomena may be the result of climate-

induced moisture stress, changes in mortality rates (as a result of increased insect outbreaks and 

fire, for instance), or changes in carbon allocation from cambial growth to roots and foliage 

(Verbyla 2008, Lapenis et al. 2013). However, very few comparative studies have been done 

between NDVI and field-based measurements in boreal forest regions. Of those completed, 

results vary depending on location, species sampled, and time frame of analysis (Berner et al. 

2011).  

Examining the variability in annual tree rings represents an ideal field-based measure of 

climate induced changes in individual plant production, due to a well established relationship 

with climatic variables (Lloyd & Fastie 2002; D’Arrigo et al. 2008). However, efforts linking 

ring-widths to NDVI have yielded mixed results. Early research from D’Arrigo et al (2000) 

demonstrated a positive relationship between productivity models incorporating NDVI and ring-

width measurements from white spruce (Picea glauca) in Alaska and Dahurian larch (Larix 

gmelinii) in eastern Russia. Lopatin et al. (2006) showed similar positive associations between 

coarse resolution NDVI (pixel size > 64km2) and ring-width increments for Siberian spruce 
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(Picea obovata) and Scots pine (Pinus sylvestris) species in northeastern Russia. More recent 

work in Russia (Bunn et al. 2013), interior Alaska (Beck et al. 2011), and the Northwest 

Territories (NWT) (Berner et al. 2011) show positive association between coarse resolution 

NDVI and tree ring-widths, but this has not been consistent across the circumpolar north (Beck et 

al. 2013). Beck et al. (2013) examined the relationship between NDVI and ring-width at four 

latitudinal treeline sites in North America and found no significant correlation. They hypothesize 

that NDVI may not provide an accurate account of radial growth at treeline ecotones, where a 

transition from boreal to shrub tundra vegetation occurs (Beck et al. 2013). Their study represents 

the first to examine the relationship between NDVI and ring-widths at a latitudinal ecotone 

location. To date, no NDVI-ring-width research has been carried out along altitudinal treelines, 

even though they are found throughout much of western boreal North America. It is also 

important to note that few studies have examined the relationship between NDVI and ring-width 

of deciduous tree and shrub species within the boreal region, as most previous research has 

remained focused on dominant coniferous species. We therefore have little understanding of the 

relationship between deciduous tree and shrub species ring-widths to space-borne measures of 

production in boreal regions. Broadening the scope of NDVI-ring-width analyses to include more 

heterogeneous and/or ecotonal landscapes (e.g. latitudinal/altitudinal treeline), characteristic of 

dominant coniferous and deciduous species, remains an important endeavor. 

 Understanding the relationship between NDVI and ring-width is important, due to their 

respective data limitations. NDVI provides near daily coverage of NPPab but time series analyses 

are restricted to short data records (1980s to present). Conversely, tree rings extend our 
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knowledge of past climate back centuries, but their relationship to regional NPPab remains 

unclear. Significant correlation between these two indices could broaden our understanding of 

regional NPPab change, as well as test the applicability of satellite based measures of 

aboveground vegetation.  

The overarching goal of this research was to examine the relationship between satellite 

remote sensing and dendrochronological productivity indices to yield a more robust analysis of 

recent vegetation change in a mountainous region of the Canadian subarctic. Three objectives 

were identified to help achieve this goal: [1] examine general trends of annual maximum NDVI 

in southwest Yukon over a 24 year period (1990 to 2013) using two different NDVI datasets; [2] 

determine variability in ring-width trends across southwest Yukon over the same time period; and 

[3] analyze the relationship between NDVI and ring-widths using maximum annual NDVI trend 

data and biweekly growing season NDVI data. The USGS Alaska Composite (1km) 14-day 

NDVI, as well as the GIMMS3g (8km) 15-day NDVI were used in this study. Ring-width data 

were collected from both dominant coniferous and deciduous species at 20 sites across southwest 

Yukon. To date, no NDVI-ring-width correlation analyses have been completed near altitudinal 

treeline; therefore, our study incorporated both high elevation (>1000masl.) and low elevation (< 

1000masl.) locations.  
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2.3 Methods 

2.3.1 Study Region 

 This study was conducted in southwest Yukon, Canada (Figure 2.1). Situated within the 

Boreal Cordillera of Canada, the area is characterized by the convergence of three major 

physiographic regions: the St. Elias Mountains, the Yukon Plateau, and the Coast Mountains. The 

Shakwak trench, a broad longitudinal northwest-southeast valley, represents the division between 

these regional units. Sites were located east to Kusawa Lake (604°03’N 136°05’W), west to 

Beaver Creek (62°16’N 140°41’W), north to the White River (62°20’N 140°31’W), and south to 

Dezadeash Lake (60°21’N 137°06’W); however, the NDVI analysis extends beyond these points 

(approximately 59 – 63°N, 134 – 141°W).  

 Southwest Yukon is situated within the rain shadow of the St. Elias Mountains, resulting 

in a relatively cool and dry climate for the region. Thirty-year climate Normals available from the 

Environment Canada weather station at Burwash Landing (61°22’N 139°03’W) indicate a mean 

annual temperature of -3°C with mean monthly temperatures of -21°C and 13°C for January and 

July, respectively. Mean annual precipitation is 275mm, most of which comes in the form of 

snowfall (approximately 100cm/year).  

White spruce (Picea glauca) is the dominant tree species in much of the region, although 

black spruce (Picea mariana) dominates the northwestern portion of the Shakwak trench. At low 

elevations (600masl. – 1100masl.) spruce forests are often dense, with intermittent stands of 

trembling aspen (Populus tremuloides) and large willow species (Salix spp.) up to 5m in height. 

As altitude increases up mountain slopes, spruce forests begin to thin and transition to a subalpine 
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treeline ecotone environment (1250masl to 1350masl), where trees are discontinuous with crowns 

that do not overlap. At this altitude, shrub species, such as dwarf birch (Betula glandulosa) and 

various willows (Salix spp.) become the dominant woody species and continue to their altitudinal 

range edge at 1600masl -1700masl, at which point altitudinal tundra predominates. Tundra 

communities vary greatly, and include alpine meadows dominated by various graminoids, shrub 

tundra dominated by ericaceous shrubs, and late snowmelt communities of various herbaceous 

species (Danby et al. 2011) 
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2.3.2 Satellite Data 

Two NDVI datasets were used in this study. The first dataset was the AVHRR local area 

coverage (LAC) Alaska composite. As part of a vegetation monitoring program in 1989, the U.S. 

Figure 2.1 Location of the southwest Yukon (inset map) and study area (black box). Sampling sites are 
illustrated by squares (montane “M”; elevation < 1000masl) and triangles (subalpine “SA”; elevation > 
1000masl). High greening (NDVI/yr > 0.004) sites are green in colour while low greening (NDVI/yr: 0-
0.003) sites are yellow. 
 

High!Greening!(SA)!

Low!Greening!(SA)!

High!Greening!(M)!

Low!Greening!(M) 



 

 

 

27 

Geological Survey’s Earth Resources Observation and Sciences (EROS) Centre began collecting 

conterminous United States and Alaska afternoon AVHRR 1km resolution sensor data (NOAA-

11, 14, 16, 17, 18, and 19). Alaska and most of the Yukon Territory are included in the spatial 

extent of the images and are freely accessible online (www.earthexplorer.com).  

The USGS completed all Alaska Composite image preprocessing. Preprocessing includes 

radiometric calibration, geometric registration to the Albers Equal Area Conic Projection, and 

corrections to satellite viewing geometry (spatial accuracy of ± 3 pixels) (see Eidenshink 2006). 

Data were also cloud-screened using an adapted version of the CLAVR-1 Global Clear/Cloud 

Classification specific to the AVHRR (Stowe et al. 1999). Corrections for atmospheric 

interference were carried out by accounting for water vapor effects on decreasing reflectance in 

the near-infrared band, as well as increasing reflection in the red band from Rayleigh scattering 

and ozone absorption (Tanre et al. 1992). The USGS EROS Centre derived both weekly (7-day), 

and bi-weekly (14-day) NDVI using a maximum value compositing procedure (Hope et al. 2003; 

Eidenshink 2006). Alaska Composite images were downloaded in 8-byte format and rescaled to 

the common NDVI data range of -1.0 to +1.0. 

The second NDVI dataset used in this study was NASA’s AVHRR-based Global Inventory 

Modeling and Mapping Studies (GIMMS) product (version GIMMS3g). GIMMS3g is a third 

generation dataset (updated using data from NOAA-17 and -18 to enhance the GIMMS-NDVI 

record) based on daily global area coverage (GAC) data sampled at a 1.1km resolution (Guay et 

al. 2014). Data were preprocessed by NASA to account for satellite orbital drift, solar zenith 

angle, cloud cover, and volcanic aerosols (Fensholt & Proud 2012). Unlike the Alaska Composite 
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dataset, no atmospheric correction (i.e. correction for ozone absorption and Rayleigh scattering) 

is applied to GIMMS3g (Guay et al. 2014). GIMMS3g is provided as a 15-day NDVI composite 

image in a WGS 1984 global coordinate system projection, with a spatial resolution of 8km and 

an accuracy of ± 1 pixel. GIMMS3g images were clipped to the same spatial extent as the Alaska 

Composites using ArcGIS and reprojected to the Albers Equal Area Conic Projection. 

 In order to maintain consistent temporal overlap between the two different NDVI 

datasets, we used the 14-day Alaska Composite NDVI images rather than the 7-day composite 

images. Longer composite period data are preferred in time series change detection research to 

further reduce any cloud contamination while still maintaining red and near-infrared channel 

integrity (Holben 1986; Zhu & Yang 1996; Eidenshink 2006). The 14-day composites also better 

match the 15-day GIMMS3g images. The 14-day Alaska Composites have a temporal overlap of 

seven days (e.g. Image01: day 01-14, Image02: day 07-21), yielding 12 NDVI images that cover 

the growing season period of June 01st – August 31stst. The GIMMS3g images have no temporal 

overlap (e.g. Image01: day 01-15, Image02: day 16-31), resulting in 6 NDVI images over the 

growing season (Figure 2.2).  

 

 

 



 

 

 

29 

 

Maximum annual NDVI for each year was calculated using the maximum function in cell 

statistics within ArcGIS software (ESRI, Arc10). The maximum function stacks NDVI images 

from a single growing season on top of one another, generating a new image that represents the 

maximum NDVI value that has occurred at each pixel. This provided us with an indicator of 

annual production of vegetation, or “total greenness”, per year (Hope et al. 2003, Pettorelli et al. 

Figure 2.2 Conceptual diagram of the process used to generate NDVI trend images. Biweekly NDVI 
images from June 1st to August 31st for each year were stacked upon each other and using cell statistics in 
ArcGIS (ESRI, 2010), annual maximum NDVI was calculated for each pixel across the region. Least 
squares linear regression was then carried out on a per pixel level on the annual maximum NDVI images 
(n=24) to generate pixel level trends in NDVI from 1990 to 2013.  
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2005). Once the maximum annual NDVI by pixel was generated for each growing season 

(Appendix A), images were once again stacked in order to carry out a simple ordinary least-

squares regression (OLS) on each pixel to determine the pixel-level trend in maximum annual 

NDVI over the period of 1990 to 2013. This was conducted using the Earth Trend Modeler 

(ETM) in IDRISI Selva software (Eastman et al. 2013).  

 

2.3.3 Sample Site Selection 

The Alaska Composite NDVI trend image was used to select sites for dendrochronology 

sampling (Table 2.1). While the GIMMS3g data represents the longest and most continuous record 

for monitoring production change in northern environments (Pinzon & Tucker 2014), its coarse 

resolution makes representative sampling (i.e. sampling individuals throughout a pixel) very 

challenging.  

 

 

 

     AVHRR Alaska Composite  GIMMS3g 
Site ID Latitude Longitude Elevation 

(masl) 
Type 

(SA/M) 
NDVI trend 
(NDVI!yr-1) 

NDVI trend 
Category 

 NDVI trend 
(NDVI!yr-1) 

NDVI trend 
Category 

Airstrip  
(AIR) 

 
61° 38’ N 137° 28’ W 950 M 0.0020** Low 

Greening  0.0026** Low 
Greening 

Big Mountain 
Creek (BMC) 

 
61° 02’ N 137° 00’ W 930 M 0.0006 

Low 
Greening 

 
 -0.0009 Browning 

Bock’s Creek 
(BOC) 

 
61° 12’ N 138° 47’ W 1330 SA 0.0041** High 

Greening  0.0091** High 
Greening 

Congdon Creek 
(CON) 

 
61° 08’ N 138° 36’ W 920 M 0.0049** High 

Greening  0.0029** Low 
Greening 

Dezadeash 
Lake (DEZ) 

 
60° 21’ N 137° 06’ W 730 M 0.0048** High 

Greening  -0.0010 Browning 

Table 2.1 Description of the twenty sites selected from the Alaska Composite NDVI trend analysis for 
dendrochronological sampling. Site type is based off elevation (i.e. M: montane, < 1000masl; SA: Subalpine, 
>1000masl). NDVI trend categories (NDVI/yr) are as follows: Browning < 0; Low Greening: 0-0.003; High 
Greening > 0.004. Significant trends (p < 0.05) denoted by ** 
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Prior to selecting sites for sampling, areas that had been burned by forest fire since 1941 were 

removed from consideration with the use of Government of Yukon fire history data (Government 

of Yukon data, 2014), as NDVI trends in burned areas have been found to reflect the local 

disturbance (rapid successional change) rather than natural change (Alcaraz-Segura et al. 2010). 

Similarly, NDVI trend pixels that had an area greater than 75% affected by recent spruce bark 

Donjek River 
(DON) 

 
61° 41’ N 139° 45’ W 860 M 0.0046** High 

Greening  -0.0028** Browning 

Enger Creek 
(ENG) 

 
62° 16’ N 140° 41’ W 830 M 0.0050** High 

Greening  0.0011 Low 
Greening 

Grafe Creek 
(GRA) 

 
61° 45’ N 139° 54’ W 1130 SA 0.0021** Low 

Greening  -0.0028** Browning 

Kusawa Lake 
(KUS) 

 
60° 35’ N 136° 10’ W 910 M 

 0.0017 Low 
Greening  0.0016 Low 

Greening 

Lacelle Lake 
(LAC) 

 
61° 21’ N 136° 57’ W 1240 SA 0.0033** High 

Greening  0.0027** Low 
Greening 

Mikes Trail 
(MIK) 

 
60° 59’ N 138° 24’ W 1140 SA 0.0021** Low 

Greening  0.0018 Low 
Greening 

Polecat Lake 
(POL) 

 
61° 40’ N 137° 31’ W 1080 SA 0.0042** High 

Greening  0.0026** Low 
Greening 

Quill Creek 
Montane 
(QNM) 

 

61° 30’ N 139° 25’ W 870 M 0.0016 Low 
Greening  -0.0015 Browning 

Quill Creek 
(QSA) 

 
61° 28’ N 139° 26’ W 1180 SA 0.0035** 

High 
Greening 

 
 -0.0015 Browning 

Sanpete Creek 
(SAN) 

 
62° 06’ N 140° 36’ W 860 M 0.0043** High 

Greening  0.0071** High 
Greening 

Shorty Creek 
(SHO) 

 
60° 23’ N 137° 09’ W 1090 SA 0.0013 Low 

Greening  -0.0057** Browning 

Snag Road 
(SNA) 

 
62° 20’ N 140° 31’ W 950 M 0.0008 Low 

Greening  0.0015 Low 
Greening 

Takhini River 
(TAK) 

 
60° 43’ N 136° 05’ W 700 M 0.0006 Low 

Greening  0.0024** Low 
Greening 

Telluride Creek 
(TEL) 

 
60° 54’ N 138° 10’ W 1160 SA 0.0039** High 

Greening  0.0008 Low 
Greening 

Wolf Creek 
(WOL) 61° 52’ N 140° 07’ W 1260 SA 0.0020** Low 

Greening  0.0032** High 
Greening 
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beetle outbreak (1994-2007), according to Berg et al. (2006), were removed from consideration. 

Finally, unlike previous studies, which aggregate pixels in order to account for image spatial 

inaccuracies (Hope et al. 2003; Beck et al. 2011; Berner et al. 2011), a cluster and outlier analysis 

(Anselin Local Morans I) was conducted to identify areas greater than 4km2 undergoing similar 

trends, with the assumption that dominant vegetation types in these clusters would be undergoing 

similar processes. Performing this type of analysis allowed us to maintain the high spatial 

resolution of the Alaska Composite dataset while still accounting for any spatial inaccuracies 

associated with image georegistration. These clusters were then used to constrain selection of 

sampling sites. 

Twenty 1km2 sites in southwest Yukon (Figure 2.1) were selected for field sampling based on 

the following additional criteria. Sites were divided equally between altitudinal treeline 

environments (Subalpine “SA” > 1000 masl.), and boreal forest, valley bottom environments 

(Montane “M” < 1000 masl.) in order to account for the heterogeneous landscape of southwest 

Yukon. All sites were located >1km away from any major roads, and were required to not have 

been affected by any land use change (e.g. mining, forestry, etc.). Based on the Alaska Composite 

images, nine pixels undergoing “high greening”  (NDVI/yr> 0.004), and 11 pixels showing low 

greening (NDVI/yr: 0 - 0.003) were chosen.  The threshold between high and low greening is 

based on divisions from comparable research (Bunn and Goetz, 2006; Verbyla 2008). Sites were 

selected based on accessibility and geographic distance from the Arctic Institute of North 

America’s Kluane Lake Research Station (61°07’N 138°24’W) (Danby et al. 2014). Because 

sampling occurred across a large geographic area, an attempt was made to evenly distribute high 
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and low greening pixels across the landscape. The average distance between a site and its next-

nearest site was 13.3km (range of 4.4 to 36.5km), which helped ensure that only one site was 

sampled from within each GIMMS3g pixel. 

Although research has shown significant browning (NDVI trend < 0) in boreal North America 

(Alaska – Parent and Verbyla 2010; Verbyla 2010. Northwest Territories (NWT) – Berner et al. 

2011), our Alaska Composite NDVI trend analysis showed minimal browning for southwest 

Yukon. Browning that did occur in this dataset was either a result of recent forest fires or was far 

above altitudinal treeline and continuous vegetation. Therefore, selecting Alaska Composite 

browning sites was eliminated from possible site selection.  

 

2.3.4 Tree Ring Sampling and Analysis 

Because NDVI is a measure of all vegetation on the landscape, both dominant deciduous and 

coniferous species were targeted for sampling. Species selected for sampling were identified 

using canopy species composition data. These data were collected on site, where species presence 

was determined in the overstory (>1.3m) and understory (<1.3m) canopy every 5m along a 500m 

transect to the centre of the sampling pixel using a GRS vertical densitometer (Geographic 

Resource Solutions, Arcata, USA). The dominant conifer at most sites was white spruce (Picea 

glauca), though two sites were dominated by black spruce (Picea mariana). The three dominant 

deciduous species were trembling aspen (Populus tremuloides), green alder (Alnus crispa), and 

grey-leaf willow (Salix glauca) (Table 2.2).  
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Site ID 
 

Dominant Conifer 
Dominant Deciduous 

Samples 
(n) 

Series 
Intercorrelation 

(SI) 

Mean 
sensitivity 

Ring-width 
Trend 

(RWI!yr-1) 

Ring-
width 
Trend 

Category 
AIR 

 
 

P. glauca 
S. glauca 

 20 
17 

0.672 
0.616 

0.243 
0.347 

-0.015** 
0.0016 

Decreasing 
Stable 

BMC 
 
 

P. glauca 
S. glauca 

19 
13 

0.437 
0.352 

0.186 
0.264 

-0.0016 
-0.0008 

Decreasing 
Decreasing 

BOC P. glauca 
S. glauca 

 

20 
16 

0.680 
0.407 

0.176 
0.296 

0.0015 
-0.0020 

Stable 
Decreasing 

CON P. glauca 
S. glauca 

 

20 
17 

0.511 
0.444 

0.211 
0.273 

0.0014 
0.0085 

Stable 
Increasing 

DEZ P. glauca 
P. tremuloides 

 

20 
20 

0.571 
0.658 

0.170 
0.261 

-0.0092 
-0.0085** 

Decreasing 
Decreasing 

DON P. glauca 
A. crispa 

 

20 
17 

0.599 
0.542 

0.197 
0.359 

-0.0053 
-0.0009 

Decreasing 
Decreasing 

ENG P. mariana 
S. glauca 

 

15 
12 

0.382 
0.361 

0.167 
0.298 

-0.0032 
-0.0027 

Decreasing 
Decreasing 

GRA P. glauca 
A. crispa 

 

20 
17 

0.686 
0.565 

0.171 
0.395 

0.0000 
0.0005 

Stable 
Stable 

KUS P. glauca 
P. tremuloides 

 

19 
17 

0.761 
0.604 

0.261 
0.401 

-0.0121** 
-0.0052 

Decreasing 
Decreasing 

LAC P. glauca 
S. glauca 

 

20 
14 

0.632 
0.433 

0.171 
0.292 

0.0053 
-0.0047 

Increasing 
Decreasing 

MIK P. glauca 
S. glauca 

 

20 
18 

0.619 
0.512 

0.169 
0.324 

0.0022 
0.0019 

Stable 
Stable 

POL P. glauca 
P. tremuloides 

 

19 
16 

0.572 
0.727 

0.186 
0.384 

0.0001 
-0.0095 

Stable 
Decreasing 

QNM P. glauca 
S. glauca 

 

19 
11 

0.368 
0.329 

0.182 
0.274 

-0.0044** 
NA 

Decreasing 
NA 

QSA P. mariana 
S. glauca 

 

17 
10 

0.497 
0.315 

0.178 
0.268 

-0.0012 
NA 

Decreasing 
NA 

SAN P. glauca 
A. crispa 

 

19 
15 

0.592 
0.499 

0.176 
0.362 

0.0077** 
-0.0012 

Increasing 
Decreasing 

SHO P. glauca 
P. tremuloides 

20 
20 

0.660 
0.582 

0.167 
0.357 

-0.0027 
0.0057 

Decreasing 
Increasing 

Table 2.2 Description of coniferous and deciduous chronologies for each site. Significant ring-width 
trends (p < 0.05) denoted by **. Ring-width trend categories (RWI/yr) over the 24 year period are as 
follows: Decreasing (< 0); Stable (0 – 0.003); Increasing (> 0.004 ). “NA” represents chronologies 
where trends could not be completed due to low sample size and/or low series intercorrelation (SI). 
Mean SI is an indicator of how well each ring-width series correlates with the site chronology, while 
sensitivity is an indicator of ring-width variability. Higher values (approaching 1.0) are more desirable 
for both SI and sensitivity.    
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SNA P. mariana 

P. tremuloides 
 

19 
19 

0.342 
0.752 

0.177 
0.331 

-0.0114** 
-0.0072 

Decreasing 
Decreasing 

TAK P. glauca 
P. tremuloides 

 

20 
15 

0.857 
0.663 

0.317 
0.348 

-0.0196** 
-0.0518** 

Decreasing 
Decreasing 

TEL P. glauca 
S. glauca 

 

20 
14 

0.641 
0.421 

0.200 
0.302 

0.0125** 
-0.0044 

Increasing 
Decreasing 

WOL P. glauca 
A. crispa 

 

15 
16 

0.644 
0.620 

0.193 
0.385 

-0.0003 
-0.0071 

Decreasing 
Decreasing 

 

Although dwarf birch (Betula glandulosa) was abundant at most sites, it was not suitable for 

sampling, as they were typically found in the understory below other shrub species and often 

occurred in polycormic bunches or mats. This made it difficult to distinguish one individual 

shrub from another. Both dominant coniferous and deciduous individuals selected for sampling 

were required to best reflect climate and the NDVI signal; therefore, only mature, canopy-

dominant individuals free of site-level disturbances (e.g. adjacent to a deadfall, a rocky-outcrop 

causing moisture stress, herbivory, etc.) were selected for sampling (Berner et al. 2011).  

Between 15-20 conifers were sampled at each site, as this number of individuals allows 

for a robust chronology to be generated (Speer 2010). Sampling was completed using standard 

dendrochronological field procedures. Two cores from perpendicular sides of the tree at a height 

of approximately 1.3m were extracted. Sampled trees were required to be at least 25m from each 

other in order to distribute sampling throughout the 1km2 pixel (Figure 2.3). In most cases, 

sampling occurred within an area of 20ha around the centre point. At one site (Shorty Creek) 

sampling occurred over a larger area due to the scarcity of conifers at treeline but remained 

within the 1km2 pixel. Similar procedures were followed for sampling trembling aspen. When 

green alder or grey-leaf willow was determined to be the dominant deciduous species, 15-20 



 

 

 

36 

individuals >25m apart were sampled. A stem cross section was obtained from 10-20cm above 

the base of the plant, from the largest - and presumably oldest - ramet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Increment cores were mounted and all samples were air-dried and sanded to a high polish. 

Ring-widths were measured to the nearest micrometer. Samples from trees that had clear, well-

defined ring boundaries were measured using the digital imaging software Windendro (Regent 

Instruments Inc., Quebec, QC). Samples with less distinguishable ring boundaries were measured 

Figure 2.3 Diagram of a hypothetical plot layout used in dendrochronological sampling. Plot centers 
were aligned to the center of the pixel preselected from the NDVI imagery. Five individuals from 
the dominant coniferous and deciduous species were sampled in four quadrants aligned to the 
cardinal directions. The dominant species were determined based on results of a 500m canopy 
transect using a GRS vertical densitometer (see text for details). Individuals selected for sampling 
were a minimum of 25m away from the previous individual of the same species. Coniferous and 
deciduous samples could be sampled within 25m of each other. 
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using a stereomicroscope and a Velmex sliding stage micrometer with digital encoder (Velmex 

Inc., Bloomfield, NY). Rings of grey-leaf willow and green alder were very narrow and often not 

visible using standard dendrochronological measuring techniques, requiring different preparation 

and analysis. A Leica SM 2010R Sliding Microtome was used to produce thin sections from the 

samples, which were then placed on glass slides and measured using a basal-illuminated 

stereomicroscope. Many shrub samples were too young (less than 24 years) to be included in 

further analyses. If less than twelve samples remained for a site and the remaining samples had a 

low interseries correlation (SI < 0.32), then the deciduous portion of the site was not included in 

any further ring-width analysis. This led to the removal of two sites from analysis (see Table 2.2). 

Visual cross dating was validated using the COFECHA software program (Laboratory of 

Tree-Ring Research, University of Arizona, Tucson, Arizona). Coniferous samples at each site 

exhibited a high degree of series intercorrelation (mean SI = 0.586, mean sensitivity = 0.195), 

providing us with high confidence in assigning calendar years to the outermost 24 rings (Table 

2.3). Trembling aspen also showed high correlation between samples (mean SI = 0.664, mean 

sensitivity = 0.347). In some cases, coniferous and aspen samples were too difficult to cross-date 

due to very narrow rings or poorly visible ring boundaries. These samples were omitted from 

further analysis. However, minimums of 15 samples were used at each site. Both grey-leaf 

willow (mean SI = 0.430, mean sensitivity = 0.300) and green alder (mean SI = 0.561, mean 

sensitivity = 0.374) showed high levels (r > 0.4) of correlation between samples (Table 2.3).  
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Species # Sites with 
Species 

Mean Series 
Intercorrelation 

(SI) 

Standard 
Deviation 

Average 
Mean 

Sensitivity 

Standard 
Deviation 

Coniferous 
         P. glauca 
         P. mariana 
 

 
18 
2 

0.586 
0.611 
0.362 

0.132 
0.113 
0.028 

0.195 
0.197 
0.172 

0.038 
0.039 
0.007 

Deciduous 
         S. glauca 
         P. tremuloides 
         A. crispa 

 
11 
6 
3 

0.520 
0.430 
0.664 
0.561 

0.133 
0.094 
0.066 
0.061 

0.325 
0.300 
0.347 
0.374 

0.046 
0.032 
0.049 
0.018 

 

Ring-width series were processed using ARSTAN (Cook & Holmes 1996) to yield 

standardized chronologies for both the dominant coniferous and deciduous species at each site 

(Appendix B). Standardization of ring-widths is used to remove both age-related trends in growth 

and individual differences in growth rates (Cook and Peters 1997). These trends, which are not a 

reflection of growing conditions but more of age-related growth (Speer 2010), are often removed 

by fitting data to a negative exponential curve. Because all coniferous samples were greater than 

or equal to 60 years of age and only the ring-widths since 1990 were carried forward for analysis, 

we determined age-related trends in growth to be of minimal impact, thus allowing us to 

standardize each ring-width using the series mean (Cook and Peters 1997). Deciduous samples 

that showed signs of age-related trends in growth due to their young age were either removed 

from subsequent analysis (sample age < 24 yr.) or were standardized by fitting ring-widths to a 

negative linear or negative exponential curve (34 yr. < sample age > 24 yr.). Ordinary least-

squares linear regression (OLS) was carried out on each site chronology to determine site-level 

ring-width trends from 1990-2013 (Table 2.2).  

Table 2.3 Series intercorrelation and mean sensitivity for each coniferous and deciduous species 
sampled. White spruce was the most common coniferous species sampled (18/20), while grey-leaf 
willow was the most common deciduous species sampled (11/20).  
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2.3.5 Data Analysis 

Pearson’s correlation tests were conducted among all twenty chronologies to first determine 

the variability of ring-width response across southwest Yukon. This determined whether any 

significant large-scale trends in ring-width could be found. Site chronologies were then grouped 

to a much smaller geographic area to determine whether significant correlation (p < 0.05) 

occurred on a sub-regional level. Sites were grouped according to their proximity to six major 

water features. The number of site chronologies included in regional correlations from East to 

West are as follows: Kusawa Lake (n=2), Aishihik Lake (n=4), Dezadeash Lake (n=2), Kluane 

Lake (n=4), Donjek River (n=5), and White River (n=3). Finally, site chronologies were divided 

into elevational groupings to ascertain whether ring-width variability was more similar between 

chronologies above 1000masl (n=9) and below 1000masl (n=11). An elevation of 1000masl was 

selected to be the cut off point because it represents the approximate middle elevation between 

treeline (1350masl) and the lowest elevation in the study region (650masl). 

Examining the relationship between NDVI and ring-widths was executed by first examining 

Pearson’s correlation between maximum annual NDVI trends and ring-width trends for a given 

pixel. Using both NDVI and ring-width trend categories (NDVI: High Greening > 0.004, Low 

Greening: 0 – 0.003, Browning < 0; ring-width: Increasing > 0.003, Stable: 0 – 0.002, Decreasing 

< 0) a Chi-squared test was performed to determine significance of agreement between trends. 

 Finally, correlation between biweekly NDVI (Both Alaska Composite and GIMMS3g) and 

each species site chronology was tested for significance (p < 0.05), as previous research has 

shown that ring-widths may better correlate with specific NDVI periods during the growing 

season rather than to the growing season maximum, which often occurs mid-July (Pettorelli et al. 
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2005). All statistical analyses were conducted using the statistical program SPSS v. 22 (IBM 

corp, Armonk NY). 

 

2.4 Results 

2.4.1 NDVI Trends and Comparisons 

 Long-term NDVI trends (1990-2013) for southwest Yukon, assessed using the Alaska 

Composite and GIMMS3g NDVI datasets, varied in both direction and magnitude. Results show a 

predominant greening trend in the Alaska Composite data, while the GIMMS3g data indicated 

both greening and browning trends (Figure 2.4). Concentrations of greening in both datasets were 

located along the front ranges of the St. Elias Mountains, and northeast of Kluane Lake. 

Browning in the GIMMS3g dataset was more prevalent in the eastern part of the study region 

(Figure 2.4).  
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Figure 2.4 Results from the NDVI trend analysis for the Alaska Composite dataset (a) and the GIMMS3g dataset 
(b). A greening trend, indicated by green, is seen over much of the study region in the Alaska Composite, while 
browning, indicated by purple, is more prevalent in the GIMMS3g image. Significant trends (p <0.05) are shown 
for the Alaska Composite (c) and the GIMMS3g image (d). Significant trends are consistently positive for both 
Alaska Composite and GIMMS3g images. Water bodies, forest fires post 1940, and the icefields of the St. Elias 
Mountains were omitted from NDVI trend analysis and are shaded white. 

Alaska Composite GIMMS3g 
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At a critical value (α) of 0.05, both NDVI datasets showed only significant positive trends 

(Figure 2.4). More than 90% of these significant pixels in each dataset occur at a NDVI trend 

value of 0.002 (NDVI/yr) or higher (Figure 2.5).  Both the Alaska Composite and GIMMS3g data 

indicate that more than 50% of the study region underwent a low-level greening trend (NDVI 

trend 0 to 0.003) in production over the past 24 years (Figure 2.5). Discrepancy between high 

greening and browning trends was apparent between datasets. High greening trends (NDVI trends 

> 0.004) in southwest Yukon occurred more often in the Alaska Composite dataset (28% of area) 

than in the GIMMS3g (13%). Conversely, browning trends were more apparent in the GIMMS3g 

NDVI (35%) than in the Alaska Composite (5%). Average trends for Alaska Composite and 

GIMMS3g data occurred between 0.003-0.004 and 0.001-0.002, respectively.  
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2.4.2 Annual Ring Width Comparisons and Trends 

 A total of 20 coniferous and 18 deciduous site chronologies were constructed. Deciduous 

chronologies were not developed for two sites (QNM and QSA) due to a limited number of 

samples of sufficient age and a subsequent low interseries correlation.  

Annual ring-widths of the coniferous species showed low positive intersite correlation 

(Appendix C). However, correlation between chronologies increased substantially when analyzed 

Figure 2.5 Histograms outlining fraction of total pixels with varying NDVI trend values (NDVI/yr) 
for the Alaska Composite (a) and the GIMMS3g images (b). Histograms of only pixels with 
significant (p <0.05) NDVI trends are shown for the Alaska Composite (c) and the GIMMS3g (d) 
images. Colours are matched to the colour scheme of Figure 2.4.  
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against only geographically proximate series (mean r = 0.478) (Table 2.4). Highest mean 

correlation was attained between series at each site (mean r = 0.586) (see Table 2.2). 

 

 

 

 Coniferous  Deciduous 

Sub-Region No. of Site 
Chronologies 

Mean 
r-value 

Standard 
Deviation  No. of Site 

Chronologies 
Mean 

r-value 
Standard 
Deviation 

Kusawa Lake 2 0.88 NA  2 0.50 NA 
Aishihik Lake 4 0.45 0.26  4 0.28 0.46 

Dezadeash 
Lake 2 0.43 NA  2 0.22 NA 

Kluane Lake 4 0.57 0.18  4 0.46 0.18 
Donjek River 5 0.45 0.17  3 0.70 0.12 
White River 3 0.09 0.19  3 0.25 0.26 

 

Regionally, deciduous chronologies showed no significant correlation (mean r = 0.095). 

Analysis between sub-regional clustering of chronologies resulted in significant positive 

correlation (mean r = 0.402); however, the highest mean correlation was reached between 

individuals within a site (mean r = 0.520). 

Coniferous site chronologies in sub-alpine environments showed an overall higher level 

of agreement in ring-width variation than those in montane environments (Figure 2.6). The mean 

correlation value was much lower in montane environments (mean r = 0.35) and had a much 

wider range of values. Separating deciduous site chronologies by elevational groupings did not 

improve the relationship between sites, as few r-values were above 0.4 (Figure 2.6). Mean r-

values were below 0.25 for sub-alpine (mean r = 0.22) and montane (mean r = 0.16) 

environments. All three dominant deciduous species were captured in both subalpine and 

Table 2.4 Intersite Pearson’s correlation between coniferous and deciduous chronologies located around six 
major hydrological features within the study region. Number of site chronologies represents the number 
used to generate mean correlation values. Two sub-regional locations (Kusawa Lake and Dezadeash Lake) 
have no standard deviation due to the limited number of chronologies (n=2). 
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montane groupings; however, correlation within species at a specific elevation did not 

differentiate substantially from those in the opposing elevational group. Alder exhibited the 

highest intersite correlation among the three deciduous species, followed by trembling aspen and 

then grey-leaf willow (Figure 2.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trends in ring-width over the 24-year period varied across southwest Yukon (see Table 

2.2). Few sites exhibited significant trends (p < 0.05); however, approximately half of coniferous 

(12/20) and more than half of deciduous (13/18) chronologies showed decreasing trends in 

Figure 2.6 Box plots representing Pearson’s 
correlation values between coniferous 
chronologies (RWIC) at different elevations 
(top left); deciduous chronologies (RWID) at 
different elevations (top right); and between 
deciduous species (bottom left). Significant 
differences (p < 0.05) for elevational tests 
were determined using a one-sided t-test, 
while significant differences (p < 0.05) 
between deciduous means were determined 
using a one-way ANOVA. Letters above box 
plots signify significant differences between 
mean correlation values. 
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annual ring-widths. Coniferous chronologies showed few stable trends (5/20), and even fewer 

increasing trends (3/20). Similar distributions of stable (3/18) and increasing (2/18) trends 

occurred among deciduous chronologies.  

 

2.4.3 Annual Ring-width and NDVI Relationships 

Trends in annual maximum NDVI did not consistently reflect radial growth trends of 

coniferous or deciduous species. The NDVI trends derived from the Alaska Composite data 

showed a lack of agreement with coniferous (χ2 = 4.533, p = 0.104) and deciduous (χ2 = 3.692, p 

= 0.158) ring-width trends (Table 2.5). The GIMMS3g NDVI trends also showed low levels of 

agreement with coniferous (χ2 =4.745, p = 0.314) and deciduous (χ2 = 1.551, p = 0.818) trends. 

However, GIMMS3g browning pixels agreed well with decreasing ring-width trends in coniferous 

and deciduous species (GIMMS3g agreement with coniferous ring-widths: 88%; deciduous ring-

widths: 66%). 
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RWI – Coniferous Trend Agreement  RWI – Deciduous Trend Agreement 

Increasing Stable Decreasing   Increasing Stable Decreasing  

Maximum 
NDVI  
Trend  
(Alaska  
Comp.) 

High 
Greening 3 3 4 3/10 (30%)  1 0 8 1/9 (11%) 

Low 
Greening 0 2 8 2/10 (20%)  1 3 5 3/9 (33%) 

Browning 0 0 0 NA  0 0 0 NA 

Agreement 3/3 (100%) 2/5 (40%) 0/12 (0%) 5/20 (25%)  1/2 (50%) 3/3 (100%) 0/13 (0%) 4/18 (22%) 

!
 

  

RWI – Coniferous Trend Agreement  RWI – Deciduous Trend Agreement 

Increasing Stable Decreasing   Increasing Stable Decreasing  

Maximum  
NDVI  
Trend  
(GIMMS3g) 

High Greening 1 1 1 1/3 (33%)  0 0 3 0/3 (0%) 
Low Greening 2 3 4 3/9 (33%)  1 2 6 2/9 (22%) 
Browning 

0 1 7 7/8 (88%) 
 

1 1 4 4/6 (66%) 

Agreement     1/3 (33%) 3/5 (60%) 7/12 (58%) 11/20 (55%)  0/2 (0%) 2/3 (67%) 4/13 (31%) 6/18 (33%) 

 

No consistent relationship between ring-width and biweekly NDVI from either dataset 

was evident. Ring-width correlation to biweekly NDVI in the Alaska Composite dataset yielded 

few significant correlations with either species group (Figure 2.7; see Appendix D). Of those, 

both positive and negative correlations occurred and were distributed throughout the growing 

season. No apparent patterns existed for these correlations in terms of sub-regional site grouping 

or elevation. GIMMS3g NDVI faired somewhat better than the Alaska Composite dataset, as half 

of the sites (10/20) exhibited significant positive correlations with either coniferous or deciduous 

Table 2.5 Chi-squared contingency table, comparing categorical NDVI trends against ring-width trends for 
coniferous and deciduous species. NDVI trend (NDVI/yr) categories are as follows: Browning (< 0); Low 
greening (0 – 0.003); High greening (> 0.004). Ring-width trend (width/yr) categories are as follows: Negative 
(<0); Stable (0 – 0.003); Increasing (> 0.004). No significant agreement was indicated between Alaska Composite 
(top) and coniferous (X2 = 4.533, p= 0.104) or deciduous (X2 = 3.692 , p=0.158) species. Similarly, no significant 
agreement was found between GIMMS3g (bottom) and coniferous (X2 = 4.745, p= 0.314) or deciduous (X2 = 1.551, 
p= 0.818) groups. Agreement between decreasing ring-widths and browning in Alaska Composite NDVI was not 
available due to the absence of browning trends in the trend analysis. 
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ring-widths, especially during July (Figure 2.8; see Appendix D). Out of the ten sites that showed 

significant positive correlations, coniferous species better correlated (8/10) than the deciduous 

species (4/10). Again, no obvious patterns existed for sub-regional site grouping or elevation.  

 

 

 

 

 

Figure 2.7 Pearson’s correlation coefficient (r) between biweekly growing season Alaska Composite 
NDVI (12 images) and coniferous (solid line) and deciduous (dotted line) chronologies for each of the 
20 sites. Significant correlation (p < 0.05) between NDVI and coniferous and deciduous chronologies 
are indicated by an asterisk and triangle, respectively.  



 

 

 

49 

 

 

 

 

 

 

Figure 2.8 Pearson’s correlation coefficients (r) between biweekly growing season GIMMS3g NDVI  
(6 images) and coniferous (solid line) and deciduous (dotted line) chronologies for each of the 20 
sites. Significant correlation (p < 0.05) between NDVI and coniferous and deciduous chronologies 
are indicated by an asterisk and triangle, respectively. 
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2.5 Discussion 

2.5.1 Comparison Between NDVI Datasets 

 NDVI datasets used in this study showed a low-level greening trend in production across 

more than 50% of the landscape in southwest Yukon. Significant trends (p < 0.05) in both NDVI 

datasets were consistently positive, most of which occurred at an NDVI trend value above 0.002 

per year. Low greening trends in boreal NPPab could be considered atypical, as previous reports 

on boreal NPPab suggest widespread browning of these landscapes, especially in needle-leaf 

forests of North America (Bunn and Goetz 2006; Verbyla 2008). Opposing trends from previous 

studies may be a result of differences in NDVI dataset selection. Most previous work has been 

based on the interpretation of GIMMSg data, while our study employs the use of more recent 

GIMMS3g data along with the USGS Alaska Composite dataset. A recent study by Guay et al. 

(2014) examined the differences in NDVI trends between GIMMSg and GIMMS3g datasets. Both 

displayed “hotspots” of boreal browning in central Alaska, central Eurasia, and NWT; however, 

browning trends were much less widespread across the circumpolar north in the more recent 

GIMMS3g dataset. Our results agree with Guay et al. (2014), and indicate that boreal 

environments, located outside of definitive browning hotspots, do not show similar browning 

trends but exhibit low greening trends in production.  

Results from our NDVI trend analysis show that although the general trend is consistent 

between the Alaska Composite and GIMMS3g images, the magnitude and spatial distribution of 

trend hotspots, both high greening and browning, are not. This was not expected, as each dataset 

is derived using the AVHRR. High greening trends covered more of the region in the Alaska 
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Composite dataset, while browning was more common in the GIMMS3g dataset. Differences in 

high greening/browning prevalence may be a function of data pre-processing or image 

compositing techniques, as each dataset undergoes very different processes by different 

organizations (Eidenshink 2006, Fensholt et al. 2012). Although both datasets undergo methods 

for cloud detection (Tucker et al. 2005; Eidenshink 2006), the Alaska Composite undergoes 

further correction for atmospheric interference (i.e. water vapor), while the GIMMS3g only 

accounts for periods of increased volcanic stratospheric aerosols (Fensholt et al. 2012). 

Differences in spatial resolution may also result in regional variation of greening and 

browning hotspots. Coops et al. (2004) examined potential bias within high resolution (20m) and 

coarse resolution (1km) NDVI products on a fragmented forested landscape and found that the 

coarser resolution product consistently over estimated production. Alcaraz-Segura et al. (2010) 

examined NDVI trends in recently burned forest sites in northern Canada at a 1km and 8km 

resolution and found similar results. The higher resolution product was more likely to capture 

greening trends associated with post-fire regeneration, than the 8km product. Southwest Yukon is 

a very heterogeneous landscape and includes lakes, rivers, wetlands, spruce forest, alpine tundra, 

and large unvegetated areas; therefore, both datasets likely exhibit some bias (over- or 

underestimation) in NDVI depending on the vegetation composition within a given pixel of a 

given size. The inclusion of multiple ecosystem types within one pixel may influence NDVI 

trends, as boreal and tundra ecosystems have demonstrated opposing trends in NDVI across high 

northern latitudes (Bunn and Goetz 2006; Guay et al. 2014). One area of particular note was the 

Kluane Front Ranges, which exhibited a high greening trend in NDVI between 900masl and 
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1300masl. This area has been the subject of several studies of recent vegetation change, including 

shrub cover change (Danby and Hik 2007a; Danby and Hik 2007b; Myers-Smith et al. 2015). 

The increase in NDVI may reflect a change in shrub tundra across this area, though further 

research is needed in order to assess this.  

NDVI data may also reach a level of saturation, which results in the inability to detect any 

further change in production beyond a maximum value (Sellers et al. 1992; Huete et al. 1997; 

Huete et al. 2002). In regions of high biomass, vegetation indices often approach saturation 

before reaching an NDVI value of 1.0. Runyon et al. (1994) examined the relationship between 

leaf area index (LAI), a measure of plant canopy, and NDVI in a forested region along the 

Oregon coast and found NDVI saturation to occur at a value of 0.75. Huete et al. (2002) 

examined NDVI saturation levels across desert, savanna, and rainforest biomes in Brazil using 

250m, 500m, and 1km resolution MODIS products. Their findings show that NDVI at varying 

resolution reached a peak value of 0.85 in forested landscapes and was unable to detect any 

further changes in plant canopy density once it had reached its maximum. While southwest 

Yukon is not as densely vegetated as the Amazonian rainforest, we have no knowledge of the 

value associated with NDVI saturation in this location. It may be possible that NDVI at high 

northern latitudes reaches saturation at an NDVI value less than 1.0, resulting in the inability to 

detect change in NPPab as a response to climate warming. 

 Differences in regional NDVI trends suggest the need to complete a more extensive 

comparison between datasets in order to provide a higher level of confidence in regional 

production trends. This becomes a very challenging task even though each is derived from the 
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same satellite sensor because datasets are produced at different resolutions and come with their 

own data bias.  

 

2.5.2 Comparison Between Site Chronologies 

 Ring-width variability in the coniferous chronologies was consistent with fundamental 

concepts of dendrochronology. Conifers were more positively correlated within a 20ha area than 

at a sub-regional, and subsequent regional extent. Although many correlations between 

coniferous site chronologies were not significant at a regional scale, most remained positive. 

These findings support the principle that synchronicity in radial growth between individuals at a 

stand level is a result of climatic controls, such as temperature or precipitation (Szeicz & 

MacDonald 1995; Lloyd & Fastie 2002). Temperature is often considered a dominant climatic 

control on the growth of coniferous species at high northern latitudes. Szeicz and MacDonald 

(1995) completed a climate-growth response analysis using white spruce ring-widths across 

northwestern Canada. Results showed that across the region, ring-widths demonstrated a tight 

association with June-July temperatures. Lloyd and Fastie (2002) examined the spatial and 

temporal variability in radial growth across central Alaska and also found a strong relationship 

between white spruce and black spruce ring-widths and temperature.   

A low sub-regional correlation was evident from coniferous chronologies in one northern 

part of the study region near White River. This may suggest stronger site-level controls on ring-

width variability in this area. The three sites in this subregion were quite different from one 

another in terms of topography and dominant species. Black spruce was sampled at two of the 
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three sites; one was a classic example of a black spruce bog perched on permafrost, while soils at 

the other location were much less saturated. White spruce was sampled at the third site on 

opposing valley slopes with well-drained soils. As well, a different dominant deciduous species 

was sampled at each of the three sites. This variability between sites is likely the reason for very 

low correlation. 

 Division of coniferous site chronologies by elevation showed that conifers were more 

similar at subalpine locations than those at montane locations, signifying a regional response to 

climate.  These findings agree with previous studies in southwest Yukon (Danby and Hik 2007a); 

Alaska (Lloyd and Fastie 2002); and Quebec (Gamache & Payette 2005). Coniferous 

chronologies in montane locations were more dissimilar meaning that radial growth is possibly 

influenced by both regional climate and site-level controls.  

Grey-leaf willow, green alder, and trembling aspen were more positively correlated within 

a 20ha area than at a sub-regional and regional extent. Although the mean correlation increased 

substantially from the regional (mean r = 0.095) to sub-regional (mean r = 0.402) scale, intersite 

correlation was lower than coniferous intersite correlations, except for those near the Donjek 

River. Annual deciduous ring-width variability in subalpine locations was not any more similar 

than those in montane locations. Low correlation between sub-regional chronologies suggests the 

increased prevalence of site-level controls on radial growth (i.e. soil moisture, nutrient 

availability, etc.) (see Speers 2010; Lapenis et al. 2013). Site-level controls are especially evident 

for deciduous shrub species (Myers-Smith & Hik 2013). Grey-leaf willow and green alder, 

though dominant on the landscape, develop multiple dominant stems, occur in large patches, and 
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reach a height of approximately 3-5m. Variation in soil moisture, soil nutrient composition, and 

seasonal snow cover commonly influence radial growth of shrub species, especially when they 

are sampled well within their range limits (Myers-Smith & Hik 2013). Tape and Hallinger (2012) 

examined both stable and expanding shrub patches in northern Alaska and found that only 

expanding shrubs correlated well with regional summer temperatures, while stable shrub patches 

seemed to be limited by snow melt and soil characteristics. Kullman (2002) examined recent 

range expansion of shrubs in the Swedish Scandes and found that although range expansion was 

consistent with winter warming, winter winds and snowmelt period also contributed to the 

upslope movement and growth of vegetation. Because our sampling of deciduous species did not 

occur at the species range edge (i.e. shrub line), it is likely that individuals are reflecting site level 

controls rather than broad-scale climatic variables. 

 Significant positive correlations occurred between chronologies of all three deciduous 

species. Interestingly, green alder had a very high interseries correlation as well as a significantly 

positive correlation between site chronologies. Similar conclusions were drawn from trembling 

aspen and grey-leaf willow, although not as significant. These findings lead us to the conclusion 

that the use of these three deciduous species for future dendrochronological pursuits is feasible.   

 

2.5.3 Ring-width and NDVI Relationship 

  Previous studies comparing ring-width variability to NDVI have yielded different results 

depending on location, species sampled, and time frame of analysis. In central boreal Alaska, 

decreasing trends in ring-width of dominant conifer species since 1982 were strongly positively 
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correlated with browning trends in NDVI (Beck et al. 2011; Bunn et al. 2013). Similar 

relationships, though not as significant, occurred between NDVI and larch, pine, and spruce 

species in central Canada and Siberia (Berner et al. 2011), while no relationship was found to 

occur between tree ring-widths and NDVI near latitudinal treeline in Alaska and NWT (Beck et 

al. 2013). Interestingly our study, which is located in a different geographic region and based on 

a more recent time period (1990-2013), shows both similarities and differences with these 

previous studies. 

Overall, ring-width trends showed low agreement with annual maximum NDVI trends in 

the Alaska Composite and GIMMS3g data. However, decreasing trends in coniferous ring-width 

were consistently reflected in GIMMS3g browning sites (88% agreement). Beck et al. (2011) 

found similar results, indicating a significant relationship between decreasing ring-widths and 

NDVI browning in central Alaska. Beck et al. (2011) and others (Verbyla 2008; Berner et al. 

2011) attribute this tight association between radial growth and NDVI to rising temperatures and 

decreases in regional moisture availability, resulting from a lack of soil moisture and excessive 

evaporative demand (see also Lloyd and Fastie 2002; D’Arrigo et al. 2008). Our results suggest 

that while drought-induced boreal browning may be occurring in parts of southwest Yukon (i.e. 

strong correlations between negative ring-width trends and browning NDVI), it is far less 

widespread compared to other northern regions (i.e. interior Alaska and NWT). We state this 

because our results also show positive trends in ring-width, some of which are in agreement with 

greening NDVI. This agreement - increasing ring-widths and greening NDVI - suggests that 
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dominant woody species are responding positively to recent warming, resulting in an increase in 

woody biomass.  

 The results of the biweekly NDVI-ring-width correlation analysis showed no consistent 

relationship between ring-widths and the Alaska Composite NDVI. The few significant 

correlations that did occur were distributed throughout the growing season, occurred within each 

deciduous species, and showed no uniformity in direction (±). Similarly, over half of our 

coniferous (12/20) and most deciduous (14/18) chronologies showed no consistent relationship 

with biweekly GIMMS3g NDVI. These results are supported by Beck et al. (2013) findings. 

Interestingly, remaining coniferous (8/20) site chronologies, showed significant (p < 0.05) 

positive correlation to biweekly GIMMS3g NDVI, especially during the month of July. Although 

these results are contrasting to those of Beck et al. (2013), they are more consistent with findings 

from Bunn et al. (2013), who suggested strong correlation between ring-widths of larch, pine, and 

spruce species and GIMMSg NDVI in Siberia. It is unclear as to why the relationship between 

ring-widths and biweekly NDVI in southwest Yukon is non-uniform. We hypothesize that 

landscape heterogeneity, imagery resolution, and shifts in energy and resource allocation within 

individual plants limit correlation between NDVI and radial growth of dominant vegetation.  

Increased landscape heterogeneity can negatively influence the correlation between ring-

widths and NDVI, as lakes, rivers, shrub-, and grasslands all contribute to the NDVI signal 

(Berner et al. 2011). Latitudinal treeline locations, characterized by low tree cover and an 

increased presence of shrub/tundra vegetation, are also thought to result in low correlation, 

especially when using coarse resolution NDVI products with a spatial accuracy of ± 1-3 pixels 
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(Beck et al. 2013). We also know that vegetation composition and response to climate varies with 

slope, aspect, and elevation in mountainous regions, even across a distance of a few kilometers 

(Danby et al. 2007a). Because southwest Yukon is very heterogeneous, it is probable that the 

relationship between NDVI and ring-widths is confounded by these landscape-scale differences.  

D’Arrigo et al. (2000) hypothesize that if species composition is homogeneous across the 

landscape, or if the proportion of multiple dominant species are comparable and responding 

similarly to broad climatic variables, then a positive correlation should occur between NDVI and 

ring-width trends over time. They also suggest that in areas where this is not true, NDVI trend 

interpretation and its relation to ring-widths becomes challenging. Kobayashi et al. (2007) 

examined spectral canopy reflectance in an eastern Siberian larch forest over the course of one 

growing season and found that the dominant understory, low bush cranberry (Vaccinium vitis-

idaea), was responsible for 71% of its maximum NDVI signal prior to Dahurian larch canopy 

foliation. It should therefore be assumed that the correlation between changes in low bush 

cranberry biomass would better reflect NDVI than would larch ring-widths. Berner et al. (2011) 

completed a multiyear NDVI-ring-width trend analysis, and found that correlation between 

NDVI and ring-widths was low, and in one case significantly negative, at five out of seven sites 

that exhibited tree species codominance. While the proportion of dominant species on the 

landscape was similar, they theorize that low correlation was attributed to the assimilation of 

contrasting tree growth patterns into the NDVI signal. Many of our sites exhibited coniferous and 

deciduous species co-dominance, which in some cases displayed different trends in ring-width 
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(See Table 2.2). NDVI trends across southwest Yukon therefore likely assimilate these opposite 

trends, which would explain low agreement between trends in ring-widths and NDVI.  

Because NDVI is a measure of all photosynthetic activity on the landscape, low 

agreement between trends in NDVI and ring-width may also be indicative of a shift in energy and 

carbon partitioning as a result of unfavorable climates (Lapenis et al. 2013). Lapenis et al. (2013) 

completed a comprehensive analysis of the relationship between growing season and maximum 

annual NDVI, ring-widths in Norway spruce (Picea abies), temperature/precipitation, and date of 

budbreak. Results showed that as temperature and precipitation increased during the late 20th 

century, strong correlation between declining ring-widths and earlier budbreak began to occur. 

This is suggestive of a shift in energy and carbon partitioning from woody biomass to foliage 

production. Further evidence is provided from the NDVI-ring-width to budbreak relationship. 

While trends in ring-width and maximum annual NDVI were both negative, very low correlation 

between the two was found; however, significant positive correlation occurred between earlier 

budbreak and the summed growing season NDVI (Lapenis et al. 2013). Southwest Yukon has 

experienced considerable increases in temperature in recent decades (IPCC 2014); therefore, an 

examination of the relationship between plant level processes, such as date of budbreak, root 

growth, etc., and NDVI may result in a stronger correlation than that of the NDVI-ring-width 

correlation.   

Increases in density and range expansion of Arctic shrub species above latitudinal treeline 

have been found to positively correlate with greening NDVI trends in northern Alaska (Tape et 

al. 2012); Yukon (Fraser et al. 2014); NWT, and northern Quebec (Olthof et al. 2008). 
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Unfortunately, our understanding of how these types of changes in production relate to NDVI 

below, or at treeline, remain limited to studies examining post forest fire succession (Alacaraz-

Segura et al. 2010). We know that in southwest Yukon, density increases and range expansion 

have occurred in recent decades in both boreal forest and altitudinal treeline locations (Danby et 

al. 2007a); we should therefore assume that changes in biomass should be reflected in NDVI. Our 

sites ranged from boreal forest valley bottoms (650masl) to treeline (1350masl) locations, 

representing the first study to include altitudinal treeline ecotones in an analysis. Because our 

results show inconsistent correlations between ring-widths and NDVI, we hypothesize that NDVI 

is not only capturing increases in radial growth, but also increases in the density and range 

expansion of dominant woody species, especially shrub species, which have shown an altitudinal 

expansion in recent decades (Danby and Hik 2007a; Danby and Hik 2007b; Myers-Smith et al. 

2015). 

 

2.5.4 Summary 

NDVI from 1990 to 2013 shows a low-level greening trend across much of southwest 

Yukon. While these trends are considered atypical from previous NDVI trend analyses in boreal 

regions, our findings are similar to those of Guay et al. (2014) that suggest boreal ecosystems 

outside of browning “hotspots” have experienced positive, but not significant, changes in 

vegetation production since the early 1980s. Although both the Alaska Composite and GIMMS3g 

datasets show similar overarching regional trends in NDVI, the direction, magnitude, and 
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regional extent of significant high greening and browning trends vary between the two datasets. 

Further research is required to determine the level of spatial agreement between these datasets.  

 Ring-width variability in the dominant coniferous and deciduous species was consistent 

with fundamental concepts of dendrochronology. Deciduous chronologies had lower correlation 

values across southwest Yukon when compared to coniferous chronologies, likely due to the 

variety of species sampled (i.e. both tree and shrub species), as well as the increased influence of 

site-level controls, as they were not sampled at their distributional limit.  

 The relationship between ring-width and NDVI yielded mixed results. Overall, ring-width 

trends in coniferous and deciduous species did not agree well with NDVI trends of either the 

Alaska Composite or GIMMS3g datasets. We hypothesize that across a boreal mountainous 

landscape, changes in satellite-based production may better reflect other changes in vegetation 

rather than radial growth (i.e. change in density, range expansion, or plant level changes in 

resource allocation). It is suggested that future NDVI-ring-width correlation analyses employ the 

use of dendrochronological techniques to determine rates of establishment and that site-specific 

measurements on individual plants be conducted in order to determine the relationship between 

NDVI and other metrics of plant production (e.g. photosynthetically active leaf tissue).  

This study represents the first attempt at completing an NDVI-ring-width analysis using 

multiple NDVI products at different resolutions; the first to include both dominant coniferous and 

deciduous species equally across different landscapes; and the first to collect these data from both 

montane and subalpine locations within predefined NDVI trend pixels. While our findings were 

rather mixed, they indicate the continued need to compare satellite-based measures of production 



 

 

 

62 

against field-based measures in order to accurately describe the ecological response to a warming 

climate of high northern latitude vegetation. 
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Chapter 3 

Conclusion 

3.1 Summary 

This research explored the utility of both satellite derived production data at varying 

resolutions and dendrochronology of dominant coniferous and deciduous species within a 

mountainous, subarctic region of the Canadian north. Trends in Alaska Composite and GIMMS3g 

NDVI showed some agreement, indicating a regional low-level greening trend in NPPab. Trends 

in higher resolution Alaska Composite NDVI showed a greater amount of high greening, whereas 

the GIMMS3g demonstrated increased presence of browning trends. Variation in the direction and 

magnitude of NDVI trends between datasets illustrates the need to complete a more thorough 

investigation of NDVI time series at multiple resolutions in order to provide a higher level of 

confidence in regional production trends. 

Ring-width variability in coniferous chronologies from southwest Yukon exhibited 

significant correlation with each other with respect to geographic location and elevation. 

Deciduous site chronologies showed little correlation across the region or with elevation. Low 

correlation between deciduous chronologies is likely due to differences in plant structure and 

taxonomy, as both shrub and tree species were sampled (S. glauca, A. crispa, and P. 

tremuloides). Because deciduous species were not sampled at their elevational range edge, it is 

very likely that ring-widths are dominated by site-level rather than climatic controls (Myers-

Smith et al. 2015).  
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Correlation between NDVI - both maximum annual trends and biweekly growing season 

data - and ring-widths were highly variable. There was low agreement among categorical trends 

in both NDVI datasets and most coniferous and deciduous site chronologies; however, browning 

trends in GIMMS3g data often corresponded to decreasing ring-width trends. While this 

agreement may indicate some level of stand moisture stress (Beck et al. 2011), the association 

between the two metrics is not consistent across the region, suggestive of a rather variable 

response to recent climatic warming in southwest Yukon compared to other northern high 

latitude regions where browning hotspots in central Alaska (Beck et al. 2011), and NWT (Berner 

et al. 2011) correlate well with decreasing tree ring-widths.  

Mixed results also occurred when ring-widths were correlated against biweekly growing 

season NDVI. While most site chronologies showed low correlation, almost half of the 

coniferous site chronologies exhibited significant positive correlation with GIMMS3g NDVI, 

especially during the month of July. We hypothesize that in a boreal mountainous landscape, 

ring-width may correlate with the growing season NDVI signal, however, heterogeneity in 

vegetation composition, image resolution, and alternative forms of production change limit the 

ability of NDVI time series to consistently reflect changes in radial growth of dominant 

vegetation. Our findings support the theory of D’Arrigo et al. (2000) that NDVI better reflects 

radial growth of dominant species when landscapes are more homogeneous and where site level 

variability is at a minimum. 
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3.2 Limitations and Uncertainty 

 When examining trends in satellite-based production data in a subarctic region dominated 

by boreal forest, alpine tundra, and peri-glacial terrain, data limitations and uncertainties need to 

be taken into consideration, especially with regards to data preprocessing and the resolution at 

which the NDVI product is generated. While both datasets are derived from the same sensor, 

preprocessing of spectral data differs. Alaska Composite data undergo corrections for 

atmospheric interference (i.e. water vapor), while the GIMMS3g does not. Data collected for both 

Alaska Composite and GIMMS3g images are done so at a 1km resolution, but are then produced 

at 1km and 8km respectively due to the local (Alaska Composite) and global (GIMMS3g) 

coverage of each dataset. 

 An attempt was made to select sampling sites with minimal disturbance in order to ensure 

coniferous and deciduous species were responding to regional climate rather than some other site-

level variable. Based on data and imagery provided by the Yukon Government, sites were not 

selected if there was evidence of prolific spruce bark beetle dieback. While this dataset is 

produced from field data at a compatible scale of 1:250,000, some evidence of spruce bark beetle 

kill was found at a few of our sites. Ring-width variability at these sites was likely responding to 

the disturbance rather than climate, ultimately influencing our results.   

 

3.3 Future Opportunities 

 Our current understanding of the relationship between satellite-based vegetation data and 

field-based measures of production has been limited to correlation analyses between NDVI and 
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ring-widths. From an ecological perspective, this is overly simplistic and should be analyzed in 

much more detail, as NDVI is a measure of all photosynthetic activity on the landscape, while 

dendrochronology is a measure of only woody biomass. Declines in radial growth rates may 

indicate a shift in energy and carbon partitioning from woody biomass to root and foliage 

production (Lapenis et al. 2013). We therefore suggest an increased focus on regional canopy and 

soil properties, in order to better understand changes in plant phenology under warming climates. 

We also suggest that future NDVI-ring-width correlation analyses employ the use of 

dendrochronological techniques, such as stand reconstruction, to determine whether changes in 

production result from an increase in individuals on the landscape, or range expansion, as 

opposed to a change in the radial growth of existing individuals. Previous research has shown 

increasing NDVI trends as a result of increased abundance of coniferous species in post-forest 

fire landscapes (Alcaraz-Seguera et al. 2010) and deciduous shrub species above latitudinal 

treeline (Jia et al. 2003; Tape and Hallinger et al. 2010, Fraser et al. 2014); therefore, the similar 

findings should hold true in mountainous regions experiencing recent advance in altitudinal 

treeline (Danby and Hik 2007a).  

 

3.4 Conclusions 

 Northern latitudes have seen the greatest degree of climate warming in recent decades 

(IPCC 2014). This has led to an associated change in vegetation production in boreal and tundra 

biomes (Jia et al. 2003). Changes in subarctic ecosystems will likely enhance climate warming as 

these ecosystems may show signs of positive feedbacks systems in decreasing surface albedo and 
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carbon storage (Chapin et al. 2000). It is imperative that we gain a better understanding of the 

relationship between recent climate change and vegetation change in order to predict how these 

ecosystems may respond in the future. 

 Our study examined contemporary vegetation change using remotely-sensed production 

data and dendrochronological data. Overall, the results did not show a consistent significant 

positive relationship between NDVI and ring-widths, likely due to the complexity of the regional 

landscape. We hypothesize that NDVI may better correlate with other metrics of aboveground 

productivity. High northern latitudes have experienced significant warming in recent decades; 

therefore an increased focus on the relationship between NDVI and plant-based processes (e.g. 

rates of establishment and resource allocation) should be established in heterogeneous/ecotonal 

landscapes in an attempt to understand changes in aboveground production.   
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Appendix A: Raw Maximum Annual NDVI Data (1990 to 2013) 

Figure A.1 Maximum annual NDVI values for the Alaska Composite NDVI for all 20 sites from 1990 to 
2013. Possible NDVI values range from 0 to 1.0 on the “Y” axis.  Maximum annual NDVI values were 
used to generate NDVI trends (ordinary least-squares linear regression) and were correlated against 
coniferous and deciduous ring-width trends.  
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Figure A.2 Maximum annual NDVI values for the GIMMS3g NDVI for all 20 sites from 1990 to 2013. 
Possible NDVI values range from 0 to 1.0 on the “Y” axis.  Maximum annual NDVI values were used to 
generate NDVI trends (ordinary least-squares linear regression) and were correlated against coniferous 
and deciduous ring-width trends.  
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Appendix B: Standardized Ring-width Values (1990 to 2013) 

Figure B.1 Standardized ring-width values for coniferous chronologies for each site from 1990 to 2013. 
Ring-width standardization was carried out using ARSTAN software. Ring-width values range from 0 to 
2.0 micrometers. These values were used to generate ring-width trends (ordinary least-squared linear 
regression) and were subsequently compared against NDVI trends using Pearson’s correlation.   
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Figure B.2 Standardized ring-width values for deciduous chronologies for each site from 1990 to 2013. 
Ring-width standardization was carried out using ARSTAN software. Ring-width values range from 0 to 
2.0 micrometers. QNM and QSA have no data (NA) available due to low number of samples and low 
values of interseries correlation. Ring-width values were used to generate ring-width trends (ordinary 
least-squared linear regression) and were subsequently compared against NDVI trends using Pearson’s 
correlation.   
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Appendix C: Intersite Pearson’s Correlation Coefficients for Coniferous and Deciduous Chronologies 

Table C.1 Correlation matrix of Pearson’s correlation coefficients between site chronologies across southwest Yukon. Correlation between 
coniferous chronologies is found across the top half, while deciduous correlation values are found across the bottom half. Shading indicated where 
no correlation could be made against deciduous QSA and QNM chronologies due to low sample size and low interseries correlation. Significant 
correlation is represented by a single asterisk (p < 0.05) and a double asterisk (p < 0.01). 
  

 
AIR BMC BOC CON DEZ DON ENG GRA KUS LAC MIK POL QNM QSA SAN SHO SNA TAK TEL WOL 

AIR 
 

0.109 0.128 .534** .560** 0.270 0.177 -0.105 .668** .417* -0.180 .805** 0.351 0.209 .448* 0.113 .628** .714** -0.049 -0.063 

BMC -0.223 
 

.613** 0.203 0.104 0.300 0.366 0.360 0.204 .454* 0.200 0.236 .570** .655** 0.010 .514* 0.384 0.128 .478* .469* 

BOC 0.177 0.266 
 

.496* 0.077 .519** 0.278 .650** 0.115 .743** .463* .409* .485* .756** 0.282 .633** 0.102 0.107 .752** .702** 

CON 0.108 0.262 .597** 
 

.453* .524** 0.198 0.204 .464* .547** 0.367 .661** 0.382 0.271 .747** 0.320 0.221 .539** .503* -0.005 

DEZ 0.141 0.138 0.160 0.148 
 

0.352 0.054 0.019 .751** 0.227 -0.156 0.315 .474* 0.052 0.247 .431* .630** .658** 0.096 0.007 

DON .480* -0.149 -0.161 -0.339 0.003 
 

.437* 0.320 0.135 0.223 0.067 0.294 .477* .492* 0.377 .407* 0.218 0.174 0.344 0.385 

ENG 0.010 0.189 .588** .621** 0.152 -.411* 
 

0.034 0.054 0.139 -0.132 0.136 0.280 0.331 0.035 0.165 0.299 -0.008 -0.015 0.191 

GRA .428* -0.071 0.106 -0.164 0.225 .738** -0.217 
 

0.066 0.335 0.123 0.139 0.113 .473* -0.020 .462* 0.068 0.135 0.396 .728** 

KUS .503* 0.241 0.058 0.103 .561** 0.302 -0.115 0.363 
 

0.297 -0.239 .468* 0.400 0.071 0.173 0.293 .623** .883** 0.030 -0.026 

LAC .561** 0.072 .405* 0.385 .425* -0.078 .452* 0.016 .582** 
 

.644** .666** 0.288 .544** .533** .461* 0.154 0.278 .785** .424* 

MIK .484* 0.037 .625** .657** 0.125 0.012 .591** 0.062 0.163 .452* 
 

0.233 0.026 0.281 .601** 0.075 -.421* -0.245 .825** 0.194 

POL .871** -0.203 0.202 0.112 0.283 .470* 0.170 0.312 .530** .578** .509* 
 

0.273 0.397 .588** 0.266 0.270 .523** 0.320 0.101 

QNM 
             

.472* 0.201 .507* .543** 0.286 0.229 0.403 

QSA 
              

0.175 .508* 0.278 -0.045 .478* .674** 

SAN 0.234 0.118 .583** 0.148 0.271 0.345 0.246 .593** -0.015 0.009 0.244 0.195 
   

-0.078 -0.070 0.210 .484* -0.001 

SHO -0.302 0.300 -0.026 0.251 0.216 -0.053 -0.177 0.046 0.209 -0.111 0.075 -0.327 
  

-0.203 
 

0.370 0.277 .517** .413* 

SNA .591** -0.216 0.219 -0.241 0.076 .600** -0.005 .461* 0.249 0.248 0.177 .637** 
  

.522** -.429* 
 

.639** -0.165 0.089 

TAK 0.235 0.106 0.079 -0.255 .523** 0.192 0.057 0.282 .497* .422* 0.003 .430* 
  

0.070 -0.014 0.296 
 

0.041 -0.150 

TEL 0.354 0.005 0.302 0.302 .522** -0.111 0.384 0.165 0.400 .798** 0.274 0.310 
  

0.051 0.055 0.044 .418* 
 

0.389 

WOL 0.344 -0.157 0.100 -0.277 0.365 .559** -0.200 .793** 0.333 0.063 0.019 0.227 
  

.576** -0.085 .515** 0.345 0.187 
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Appendix D: Range in Pearson’s Correlation Coefficients between biweekly 

growing season NDVI and ring-width 

Table D.1 Pearson’s correlation coefficients for the Alaska Composite NDVI (12 images) and coniferous 
and deciduous chronologies. Significant correlation (p < 0.05) between NDVI and coniferous (site name 
C) and deciduous (site name D) chronologies are indicated by a double asterisk (**). Significant positive 
correlation means that ring-width correlates with a given NDVI period during the growing season. Figure 
2.7 represents a graphic version of this table.   

 

Jun03-

Jun16 

Jun10-

Jun24 

Jun17-

Jun30 

Jun24-

Jul07 

Jul01-

Jul14 

Jul08-

Jul21 

Jul15-

Jul28 

Jul22-

Aug4 

Jul29-

Aug11 

Aug05-

Aug18 

Aug12-

Aug25 

Aug19-

Sep01 

AIRC -0.333 -0.051 0.109 0.027 -0.126 0.076 0.024 0.078 0.112 -0.177 -0.055 0.148 

AIRD -0.08 0.22 0.145 0.04 0.127 0.437** 0.235 0.236 0.354 -0.008 0.088 0.179 

BMCC -0.346 -0.43** 0.254 -0.126 -0.321 -0.49** -0.31 0.068 0.315 0.202 -0.018 -0.205 

BMCD 0.087 0.076 -0.06 -0.12 0.285 0.424** 0.247 0.106 0.089 0.379 0.194 0.356 

BOCC -0.032 0.086 0.322 0.404** 0.006 0.257 -0.278 0.1 -0.026 0.154 -0.231 -0.004 

BOCD -0.182 0.212 0.249 0.22 0.097 0.406** -0.003 -0.165 -0.034 0.247 0.341 0.35 

CONC -0.334 0.148 0.022 0.3 -0.149 0.15 0.216 0.327 0.026 -0.198 -0.217 -0.105 

COND 0.193 -0.047 0.164 -0.042 0.259 0.226 0.249 0.332 0.132 0.345 0.135 0.024 

DEZC -0.194 -0.078 -0.377 -0.147 0.128 0.003 -0.266 0.131 -0.073 -0.273 -0.112 -0.313 

DEZD 0.177 0.31 -0.49** -0.277 0.074 0.043 -0.238 -0.115 -0.068 0.188 0.042 -0.017 

DONC -0.097 -0.075 0.098 0.066 -0.384 -0.34 -0.223 0.116 -0.118 -0.126 -0.40** -0.47** 

DOND -0.385 -0.084 0.047 -0.211 0.017 0.201 0.172 0.23 -0.008 -0.396 -0.215 0.143 

ENGC 0.18 0.126 0.246 -0.06 -0.272 -0.162 -0.078 0.097 -0.026 -0.234 -0.323 -0.45** 

ENGD 0.248 0.377 0.211 -0.074 -0.187 -0.085 -0.036 0.057 0.401** 0.366 -0.283 -0.352 

GRAC 0.074 0.241 0.377 0.178 -0.181 0.189 0.109 0.419** 0.365 -0.044 -0.022 0.184 

GRAD -0.032 0.11 0.193 -0.249 -0.142 0.103 0.221 -0.144 0.118 0.062 0.002 0.089 

KUSC -0.312 -0.153 -0.39** 0.027 -0.55** 0.017 -0.204 -0.047 -0.118 -0.194 0.159 0.098 

KUSD 0.059 0.21 -0.332 0.142 -0.044 0.111 0.021 0.125 0.274 0.024 0.091 0.442** 

LACC 0.003 0.047 0.00 -0.074 0.165 0.407** 0.092 0.366 0.485** 0.253 -0.079 0.164 

LACD -0.266 -0.081 -0.212 0.203 0.079 0.315 -0.088 0.057 0.198 0.333 -0.014 0.101 

MIKC 0.036 -0.319 0.053 -0.315 0.133 0.207 0.106 0.127 0.001 0.145 -0.206 -0.208 

MIKD 0.101 0.338 0.159 -0.005 0.081 -0.144 -0.162 0.155 0.289 -0.011 0.399 0.082 

POLC -0.049 0.14 0.041 0.206 -0.058 0.203 -0.013 0.317 0.372 -0.072 -0.141 -0.109 

POLD -0.267 0.113 -0.032 0.096 -0.125 0.283 -0.191 0.087 0.122 -0.206 -0.078 0.021 

QNMC 0.006 0.267 -0.123 -0.126 -0.09 -0.334 -0.57** -0.074 0.139 -0.004 0.176 -0.136 

QSAD -0.269 0.253 0.068 0.151 0.05 -0.006 -0.194 0.133 0.205 0.131 -0.244 -0.031 

SANC -0.152 0.228 0.285 -0.031 -0.001 -0.011 -0.377 0.112 0.338 0.203 -0.017 -0.216 

SAND 0.279 0.05 0.531** 0.154 -0.088 0.157 0.056 -0.008 -0.057 0.051 -0.013 -0.065 

SHOC 0.245 -0.043 0.275 0.08 0.074 0.221 0.139 0.14 0.275 -0.089 -0.06 -0.036 

SHOD 0.072 -0.047 -0.024 0.016 -0.008 0.228 0.488** 0.302 0.145 0.39** 0.023 0.148 

SNAC -0.017 0.35 -0.005 -0.105 -0.1 0.025 -0.05 0.142 0.063 0.336 -0.049 -0.118 

SNAD -0.324 0.039 0.279 0.373 -0.055 0.007 -0.193 -0.197 -0.198 0.046 0.148 0.2 
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TAKC 0.013 -0.01 -0.161 0.078 -0.081 -0.077 -0.51** -0.11 -0.123 0.194 0.229 0.287 

TAKD -0.027 0.059 -0.068 0.16 -0.163 -0.044 -0.49** -0.158 0.064 0.363 0.156 0.154 

TELC 0.077 0.229 0.362 0.389 -0.044 0.199 -0.067 0.331 0.085 0.044 0.078 0.067 

TELD -0.22 0.215 -0.198 0.26 0.197 0.208 -0.082 0.221 0.105 0.033 0.073 0.061 

WOLC -0.098 -0.037 0.26 0.091 0.042 0.072 -0.297 0.156 0.533** 0.476** -0.078 -0.062 

WOLD -0.066 -0.208 0.023 0.216 -0.222 0.121 -0.244 0.006 -0.026 0.083 -0.13 -0.1 

 

Table D.2 Pearson’s correlation coefficients for the GIMMS3g NDVI (6 images) and coniferous and 
deciduous chronologies. Significant correlation (p < 0.05) between NDVI and coniferous (site name C) 
and deciduous (site name D) chronologies are indicated by a double asterisk (**). Significant positive 
correlation means that ring-width correlates with a given NDVI period during the growing season. Figure 
2.8 represents a graphic version of this table.  
 

 

Jun01-Jun15 Jun16-30 Jul01-Jul15 Jul16-Jul31 Aug01-Aug15 Aug16-31 

AIRC 0.144 0.278 0.098 0.138 0.007 0.229 

AIRD 0.176 0.36 0.46** 0.413** 0.3 0.397** 

BMCC 0.276 0.067 0.1 -0.102 -0.049 -0.324 

BMCD -0.035 -0.503 -0.276 0.062 0.071 0.14 

BOCC 0.309 -0.037 0.16 0.058 0.401** 0.339 

BOCD -0.117 -0.24 0.029 0.012 0.064 0.468** 

CONC -0.118 -0.253 -0.212 -0.236 -0.231 -0.017 

COND 0.008 0.222 0.118 0.147 0.115 0.158 

DEZC 0.168 0.085 0.057 0.176 0.238 0.138 

DEZD 0.234 0.049 -0.236 -0.076 0.356 0.221 

DONC 0.337 0.216 0.303 0.436** 0.351 -0.105 

DOND 0.318 0.422** 0.322 0.43** 0.235 0.274 

ENGC 0.155 0.187 -0.173 -0.103 0.125 -0.114 

ENGD 0.029 0.262 -0.29 -0.097 -0.279 -0.385 

GRAC 0.271 -0.047 0.134 0.078 0.198 0.039 

GRAD 0.226 0.349 0.393** 0.413** 0.421** 0.32 

KUSC -0.287 -0.101 -0.166 -0.179 0.051 0.109 

KUSD -0.168 -0.13 -0.087 -0.092 0.247 0.011 

LACC -0.006 0.296 0.41** 0.393** 0.257 0.215 

LACD 0.201 0.144 0.185 0.167 -0.158 0.13 

MIKC 0.265 0.372 0.507** 0.504** 0.394** 0.391** 

MIKD -0.085 0.074 0.05 -0.045 -0.047 0.069 

POLC 0.136 0.36 0.288 0.412** 0.16 0.354 

POLD -0.04 0.272 0.302 0.246 0.079 0.124 

QNMC 0.42** 0.274 0.398** 0.536** 0.636** 0.188 

QSAD 0.01 0.222 0.482** 0.216 0.307 0.104 

SANC 0.049 0.139 0.119 0.25 0.195 0.03 

SAND -0.19 -0.059 -0.008 0.018 0.203 0.17 

SHOC 0.375 0.231 0.161 0.096 0.006 0.068 
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SHOD -0.029 -0.13 -0.098 -0.05 -0.109 -0.025 

SNAC 0.389 0.008 0.009 -0.106 -0.011 -0.03 

SNAD 0.221 -0.078 0.085 0.364 0.213 0.16 

TAKC -0.373 0.026 -0.028 -0.289 -0.227 0.127 

TAKD 0.059 0.14 -0.265 -0.53** -0.264 -0.302 

TELC 0.212 0.301 0.209 0.061 0.092 0.144 

TELD 0.027 0.089 0.109 -0.259 0.116 -0.072 

WOLC 0.056 0.142 -0.075 0.182 0.471** 0.11 

WOLD 0.172 0.104 -0.289 -0.204 -0.14 0.135 

 


