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Abstract
The productivity and distribution of northern and alpine plant species are predicted to increase
and advance upslope and northwards in response to climate warming, particularly across the treeline
ecotone. However, responses to warming in the past century have been highly variable, especially in
regions with complex topography. In order to improve predictions of future change, I used field surveys,
dendrochronology, and remote sensing to characterize variability in plant community composition, woody
plant growth, and tree spatial patterns across treelines in a range of topographic settings. I then attempted
to explain this variability using measured edaphic, climatic, and topographic variables. I found
substantial differences in community composition, woody plant growth, and treeline ecotone abruptness
between north and south-facing slopes. Shallow active layers and cold soils on north-facing slopes
resulted in low shrub cover and slow rates of woody plant growth. The comparatively high cover of tall
deciduous shrubs on south-facing slopes, in turn, restricted tree seedling establishment and resulted in
relatively abrupt treeline ecotones. Trends in tree growth and the degree of clustering between tree stems
varied between mountain ranges with different slope angles. Rapid spring runoff in steep valleys likely
caused a spring soil moisture deficit that curbed tree growth over the past several decades, while high
exposure to damaging winter winds in shallow valleys resulted in clustered patterns of tree stems. My
findings suggest that changes in treeline vegetation over the next century will depend not just on rising air
temperatures, but also on edaphic variables, wind exposure, snowpack dynamics, and tree-shrub
interactions. Given that much of the landscape-scale variability in the composition, growth, and pattern
of treeline vegetation can be attributed to slope aspect and angle, I recommend that these factors be
included in predictive models of future vegetation change.
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Chapter 1
Introduction
1.1 Northern vegetation change and the treeline ecotone
Vegetation change is expected to occur in response to ongoing climate warming, particularly in
northern and alpine regions where plant distributions and growth are limited by temperature, and warming
is occurring at rapid rates (Hassol 2004; Pepin et al. 2015). Specifically, the range limits of trees,
deciduous shrubs, and other vascular plants are likely to shift northwards and upwards in elevation, and
the productivity of plants within their current range limits will likely increase (Epstein et al. 2007;
Euskirchen et al. 2009; Pearson et al. 2013). As the position of treeline has been linked to a narrow range
of growing season isotherms (approximately 5 to 7 ºC) around the world, the trees and other plant species
occupying the forest-tundra ecotone are expected to respond particularly rapidly to climate warming
(Körner 1998; Grace et al. 2002; Körner and Paulsen 2004) (see Figure 1-1 for definitions of “treeline”
and “forest-tundra ecotone”).
Consistent with these predictions, warming-induced change has been observed in many northern
and alpine regions over the past several decades. For example, satellite imagery has shown an overall
increase in the productivity of northern vegetation, repeat vegetation surveys have revealed upwards shifts
in plant species distributions across altitudinal gradients, and dendrochronology and repeat photography
have been used to document increases in the growth and abundance of trees and shrubs coincident with
climate warming (Tape et al. 2006; Salzer et al. 2009; Rundqvist et al. 2011; Walker et al. 2012; Aakala
et al. 2014). Warming experiments in these regions have confirmed that much of this change can be
attributed to rising air temperatures (Elmendorf et al. 2012).
Studies that focus specifically on vegetation dynamics within the forest-tundra ecotone have
uncovered similar rates of change. For instance, ring widths have increased rapidly over the past 50 years
across treelines in California and China (Salzer et al. 2009; Qi et al. 2015) and treelines in Alaska have
1

advanced upslope at rates of 1.5 meters per decade since the 1950s, and northwards at rates of 80 to 100
meters over the past 200 years (Suarez et al. 1999; Dial et al. 2007). Collectively, these changes could
have pronounced ecological consequences, including a reduction in tundra habitat availability and
positive feedbacks to climate warming through an increase in surface albedo (Chapin et al. 2005;
Greenwood and Jump 2014).

Figure 1-1: Schematic diagram (left) and photo (right) of an alpine forest-tundra ecotone. Forest
line is generally defined as the upper limit of 30% canopy cover, treeline as the upper limit of twometer tall trees, and krummholz line as the upper limit of tree-forming species regardless of growth
form. The transition from forest line to krummholz line is termed the forest-tundra or treeline
ecotone.

1.2 Spatial heterogeneity in vegetation change
In spite of nearly ubiquitous warming in northern and alpine regions, vegetation at some sites has
undergone little to no change, or experienced unexpected change (e.g. Cannone et al. 2007; Harsch et al.
2009; Winkler et al. 2016). Variation in plant response to warming is particularly prevalent at landscape
scales in alpine regions, where local topography creates substantial heterogeneity in vegetation
productivity and species distributions (Bruun et al. 2006; Gallardo-Cruz et al. 2009; Leonelli et al. 2009).
For instance, treeline elevations can differ by over one hundred meters between opposing slope aspects,
2

and microtopographic diversity can create a wide range of plant communities within a narrow altitudinal
belt (Lippok et al. 2014; Yirdaw et al. 2015). As air temperatures are fairly homogeneous at these scales,
these results suggest that non-climatic factors are important in governing the current distribution and
productivity of alpine vegetation. Non-climatic factors are therefore likely to mediate future plant
responses to warming as well.
Examples of landscape-scale variability in vegetation change across the alpine forest-tundra
ecotone are numerous, but the drivers of this variability are frequently unknown. For instance, treelines
on north aspects have advanced upslope over the past several decades in southern Alaska and the southern
Rocky Mountains, but not on adjacent aspects (Dial et al. 2007; Elliott and Kipfmueller 2010). In
contrast, treeline advance in southwest Yukon and Sweden has been restricted to south- and east-facing
slopes, respectively (Danby and Hik 2007a; Van Bogeart et al. 2011). The growth of trees on steep slopes
or warm aspects (i.e. south- or west-facing slopes) is often believed to be moisture-limited at treeline
(Peterson and Peterson 1994; Liang et al. 2006; Leonelli et al. 2009; Ohse et al. 2012) and has even begun
to decrease in response to rising summer temperatures at some sites (D’Arrigo et al. 2008). This
phenomenon is frequently attributed to heat-induced drought stress, but the evidence for this hypothesis is
not conclusive (Brownlee et al. 2016) and other potential causes of ring width divergence from the
temperature record have been proposed (D’Arrigo et al. 2004).
In the absence of empirical data on local growing conditions, the factors governing landscapescale variability in treeline dynamics can be inferred using tree spatial patterns. Most of the treelines that
have remained stagnant over the past century are abrupt in form, so it is likely that they are more strongly
governed by non-climatic than climatic factors (Harsch et al. 2009; Harsch and Bader 2011). In contrast,
gradual or diffuse treelines have generally advanced, and are likely governed primarily by air temperature
(Harsch and Bader 2011). A high degree of clustering between tree stems can indicate that environmental
conditions are too harsh for seedling survival without the sheltering influence of adult trees, whereas
dispersion between stems can indicate that environmental conditions are favourable for seedling
3

establishment and growth (Elliott and Kipfmueller 2010; Wang et al. 2016). The use of spatial patterns to
infer mechanisms governing treeline dynamics is potentially powerful, but a single pattern could be the
result of a number of different processes, and explicit links between pattern and process are often lacking
(Wiegand and Moloney 2004; McIntire and Fajardo 2009).
Changes in the growth and distributions of shrubs and herbaceous plant species have also varied
markedly at local and landscape scales in northern and alpine regions. For instance, increases in
deciduous shrub cover over the past 50 years were more pronounced on terraces than exposed hillslopes
across treelines in northern Québec (Ropars and Boudreau 2012) and upwards shifts in plant species
distributions above treeline were more prominent on south than north aspects in the Yukon (Danby et al.
2011). The study of shrub ring widths is a relatively new field, but thus far shrub growth patterns have
shown similar spatial variability to tree growth patterns. For example, ring widths of Juniperus nana were
more positively correlated to early summer temperatures at high compared to low elevations across a
forest-tundra ecotone in Sweden (Hallinger et al. 2010), and the growth of Empetrum hermaphroditum
responded positively to summer air temperatures on north, but not south aspects in Norway (Bär et al.
2008).
It remains unclear how changes in tree growth and distribution will influence the rest of the
treeline plant community, or vice versa. It has been hypothesized or assumed that advancing treelines, or
changes in tree density near treeline, will substantially alter the composition of alpine plant communities
(Dirnböck et al. 2003; Moen et al. 2004). However, of the studies that have tested this assumption,
several found evidence that tree cover does not influence composition at treeline (Camarero et al. 2006;
Batllori et al. 2009; though see Hofgaard and Wilmann 2002), and that trees respond differently to
environmental change than the rest of the plant community (Pardo et al. 2013). In addition, interactions
between trees and shrubs could play an important role in governing treeline dynamics (Grau et al. 2012),
but how these interactions will develop under continued climate warming is largely unknown
(HilleRisLambers et al. 2013).
4

1.3 Research question
Predictive models of northern vegetation change generally assume that trees and other plant
species will universally advance upslope and northwards with warming temperatures (Moen et al. 2004;
Kaplan and New 2006; Epstein et al. 2007; Euskirchen and McGuire 2009; Pearson et al. 2013).
However, variability in past responses strongly suggests that these predictions are inaccurate, particularly
in regions with complex topography. A stronger understanding of the factors that govern landscape-scale
variability in plant species distributions and productivity is therefore required before accurate predictions
of future responses to warming can be made. I aimed to characterize and explain landscape-scale
variability in plant community composition, woody plant growth, and tree spatial patterns across alpine
forest-tundra ecotones so that predictive models of future change can be improved. Specific research
questions are stated in each data chapter, but broadly I aimed to answer the following question:

How does the composition, growth and pattern of treeline vegetation vary at landscape scales in a
topographically complex region of subarctic Canada, and what are the factors (both climatic and nonclimatic) driving this variation?

1.4 Description of the study region
This research was conducted from the Kluane Lake Research Station located in the Kluane
Region of southwest Yukon (Figure 1-2). The Kluane Region is cold and dry with a mean annual
temperature of -3.6 ºC and less than 300 mm of precipitation per year, approximately half of which falls
as snow. It contains two topographically distinct mountain ranges in close proximity to Kluane Lake.
The Kluane Ranges to the west of the lake are rugged and steep (often > 30º) with narrow, sheltered
valleys, while the Ruby Range to the east of the lake is characterized by broad valleys with gentle slopes
(< 20º). Treeline is composed of Picea glauca (white spruce) and generally occurs at 1300 m a.s.l.,
though precise elevations vary between sites.

5

Climate warming in southwest Yukon is occurring at a rapid rate (Zhang et al. 2000; McKenney
et al. 2011) and several changes in the structure and composition of vegetation have recently occurred in
this region. Alpine treelines advanced rapidly between the 1920s and 1950s on south-facing slopes, but
not on north-facing slopes (Danby and Hik 2007a). Rather, tree density near treeline increased on north
aspects over the same time period. Additionally, multiple alpine plant species have advanced upslope on
south aspects in this region since the 1960s, but little change was observed on north aspects (Danby et al.
2011). As daily temperatures in this region are projected to increase another 2.0 to 4.5 ºC on average by
2100 (Price et al. 2011), there is the potential for additional changes in treeline structure and composition
in the near future.

Figure 1-2: Map of the Kluane Region with inset showing its location in southwest Yukon and all
data collection sites marked. Black dots indicate the six alpine valleys in which vegetation surveys
were conducted and tree/shrub ring samples were collected for Chapters 2, 3 and 4 (BC = Bock’s
6

Creek, BW = Burwash Creek, CC = Clear Creek, FJ = Fourth of July Creek, PP = Printer’s Pass,
QC = Quill Creek). Note that two ecotones (a north-facing and a south-facing one) were surveyed
and sampled in each valley. Black squares indicate the extents of each of the high-resolution
satellite images used to quantify tree spatial patterns in Chapter 5. Contour interval is 300 m.

1.5 Overview of thesis content
This thesis is organized into four data chapters and a concluding chapter. Chapter 2 addresses
plant community composition, Chapters 3 and 4 address tree and shrub secondary growth (ring widths),
and Chapter 5 addresses tree spatial patterns. I used a variety of different approaches to describe and
explain landscape-scale variability in each of these ecotone properties, which I outline below.
I used field survey methods to gain a detailed understanding of plant community composition
across a range of topographic settings. I inventoried plant species and estimated their percent cover in
quadrats placed at regular elevational intervals spanning 12 forest-tundra ecotones on different slope
aspects and angles in two mountain ranges of southwest Yukon (Figure 1-2). I also measured key edaphic
variables across these ecotones to explain variation in composition. Due to the large number of
dependent variables (species), I used multivariate statistical techniques to quantify differences in
community composition between topographic factors, and to identify edaphic drivers of these differences.
I expected that elevation would exert the greatest influence on plant community composition due to the
decline in air temperature between forest and tundra environments, but that differences in edaphic
conditions between slope aspects and angles would confound this trend to some extent.
To compare woody plant growth between topographic settings, I used dendrochronological (ring
width) methods. As woody species put on a distinct growth ring each year, the width of which is
primarily indicative of growing conditions in that year, these techniques can provide a comprehensive
record of growth patterns and climate-growth responses as far back in time as the ring width and climate
records extend. I collected samples from the woody stems of individual trees and shrubs at low and high
elevations within the same 12 ecotones as above, and used them to create annual ring width chronologies.
7

I also compiled monthly temperature, precipitation and snow depth records from nearby weather stations,
and calculated correlations between seasonal climate variables and annual ring widths in different
topographic settings. Since the Kluane Region has a cold, subarctic climate, I was expecting growth to be
governed primarily by growing season air temperature, particularly at high elevations within the ecotone.
Given the semi-arid nature of the region, I was also expecting growth to be somewhat moisture-limited,
particularly on dry south-facing slopes.
I used remote sensing techniques to quantify tree spatial patterns across multiple forest-tundra
ecotones in the Kluane Region. I manually identified and mapped tree stem positions across different
elevations, slope aspects, and slope angles using two unclassified QuickBird images covering portions of
the Ruby and Kluane Ranges (Figure 1-2). I used point pattern statistics to quantify the degree of
clustering or dispersion between stems as a measure of the degree of facilitation or competition between
trees. I validated these results by comparing satellite-based point patterns to those obtained from fieldbased stem mapping plots that I established within the extents of each image. To measure treeline form, I
classified each of the QuickBird images into discrete vegetation categories and calculated the degree of
aggregation between tree pixels across ecotones on different slope aspects and angles. I then used these
patterns, in combination with field-based knowledge of the area, to infer the abiotic and biotic factors
governing treeline positions and future dynamics in different topographic settings.
The methods used to explore landscape-scale variation in each of these properties of treeline
vegetation are distinct from one another, but since they were all applied in the same geographic location,
the results of one can provide insight into the results of the next. As such, Chapter 6 synthesizes the
major findings of all four data chapters, and discusses their collective implications for future treeline
dynamics in the Kluane Region, as well as their broader implications for predictive modeling of
vegetation change.
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Chapter 2
Aspect and slope influence plant community composition more than elevation
across forest-tundra ecotones in subarctic Canada
2.1 Abstract
Plant species are projected to migrate upslope in subarctic alpine regions in response to ongoing
climate change. These changes in community composition are expected to have significant impacts on
biodiversity and ecosystem processes at local to global scales, but specific predictions of change require a
more thorough understanding of the factors that govern landscape-scale variability in species
composition. To this end, we surveyed plant communities and measured key abiotic variables across
forest-tundra ecotones in six valleys, each with a north and a south-facing slope, in two mountain ranges
of southwest Yukon. We used non-metric multidimensional scaling to identify patterns in plant
community composition and infer which abiotic variables drive these patterns. We also calculated species
richness and community dissimilarity at regular elevational intervals to assess trends in richness and rates
of community turnover within the ecotone. Plant communities varied more with aspect and slope angle
than they did with elevation. Aspect-related differences were driven by warmer soil temperatures and
deeper active layers on south- compared to north-facing slopes, while differences related to slope angle
occurred only on north-facing slopes and were driven by soil moisture. Species richness increased with
elevation on north-facing slopes and showed no trend with elevation on south-facing slopes. Rates of
community turnover were higher on south-facing than north-facing slopes. Given the substantial influence
of slope aspect and angle on community composition, we recommend that models of vegetation change in
subarctic alpine regions address the possibility of change occurring at different rates and in different
directions depending on the topographic characteristics of each slope.
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2.2 Introduction
Ecotones can be quantitatively defined as areas with higher rates of change in biotic or abiotic
variables relative to surrounding areas (Walker et al. 2003), which is why they are likely to be the first to
respond to climate change (Kupfer and Cairns 1996). The forest-tundra or treeline ecotone has been
defined as an area with a high rate of change in tree cover compared to adjacent forest and tundra
(Timoney 1993), though it is more often defined in terms of tree height and growth form (e.g. Danby and
Hik 2007a; Elliott and Cowell 2015). Alpine treeline elevation is constrained by temperature at a global
scale (Körner and Paulsen 2004) and is therefore projected to advance upslope as climate warms,
substantially altering the composition of tundra plant communities (Dirnböck et al. 2003; Moen et al.
2004; Greenwood and Jump 2014). These changes will likely be most pronounced at high latitudes and
elevations where air temperatures are rising most rapidly (IPCC 2014; Pepin et al. 2015). Recent upward
shifts in treeline elevation and plant species distributions have been observed using dendrochronology,
repeat surveys and remote sensing at many locations worldwide (Grabherr et al. 1994; Harsch et al. 2009;
Odland et al. 2010). However, rates of change have been highly variable at local and landscape scales in
alpine regions, suggesting that factors besides air temperature are important in determining how alpine
vegetation will respond to climate change (Cannone et al. 2007; Danby and Hik 2007a; Pauli et al. 2007;
Danby et al. 2011; Elliott and Cowell 2015).
When historical data are unavailable, elevational air temperature gradients are often used in a
space-for-time approach to predict future plant community composition (Rozman et al. 2013; Dorji et al.
2014). These studies typically focus on community turnover parallel to the gradient of interest, placing
little emphasis on variability in community composition perpendicular to the gradient (Hufkens et al.
2009). This is problematic in mountainous regions where composition is often highly variable in two
dimensions due to the influence of local topography on environmental conditions (Bruun et al. 2006;
Gallardo-Cruz et al. 2009; Jiménez-Alfaro et al. 2014; Yirdaw et al. 2015). Furthermore, explicit links
between tree cover and plant community composition have rarely been tested. Some studies have found
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evidence that tree cover heavily influences community composition across the forest-tundra ecotone
(Hofgaard and Wilmann 2002), while others found that trees and understory vegetation do not share the
same spatial patterns of change across the ecotone (Camarero et al. 2006; Batllori et al. 2009), or respond
in the same way to environmental change (Pardo et al. 2013).
Species richness is generally expected to be higher in ecotones than in adjacent communities
(Lomolino 2001, though see van der Maarel 1976). There are a number of ecological explanations for
this hypothesis, including the rationale that abiotic conditions in ecotones are suitable for species from
both neighbouring communities, and that ecotones contain specialist species (Odum 1953). Richness is
also expected to peak at mid-elevations in alpine regions because high levels of competition reduce
richness at low elevations and a decline in the species pool with elevation reduces richness at high
elevations (Grime 1973). This pattern has been found in the majority of studies whose surveys covered
an elevational range of 1000 m or more (Rahbek 2005; Bruun et al. 2006; Mori et al. 2013). However,
varying trends have been found over shorter ranges (Camarero et al. 2006; Batllori et al. 2009; Dorji et al.
2014). Additionally, rates of community turnover across treeline ecotones can provide insight into the
nature of future vegetation change. Abrupt changes in plant community composition across the treeline
ecotone may be indicative of abrupt changes in environmental factors important for seedling
establishment, signifying that treeline advance is unlikely to occur in synchrony with rising air
temperatures (Trant et al. 2015).
The goal of this study was to analyze landscape-scale variability in plant community composition
across alpine forest-tundra ecotones in a heterogeneous mountain environment so that predictions of
vegetation change in alpine regions can be improved. Our research questions were: 1. How does
community composition vary (a) from low to high elevation across the forest-tundra ecotone, (b) between
different slope aspects, and (c) between steep versus shallow slopes? 2. Which of these factors explains
the most variance in plant community composition, and what are the specific abiotic variables governing
this variance? 3. How do species richness and rates of community turnover vary from low to high
11

elevation across alpine forest-tundra ecotones and what do these trends indicate about future vegetation
change? We hypothesized that plant species would form distinct communities according to their relative
elevation within the ecotone because elevational gradients in air temperature would exert the strongest
influence on composition. We expected that finer-scale variation in environmental conditions caused by
different topographic characteristics (namely aspect and slope angle) would confound this trend to some
extent. We further hypothesized that species richness and community turnover rates would peak near the
middle of the forest-tundra ecotone.

2.3 Methods
2.3.1 Regional description
This study was conducted in the Kluane Region of southwest Yukon, Canada (approximately
61ºN, 138ºW). The Ruby Range immediately east of Kluane Lake is characterized by low peaks and
gentle topography, while the Kluane Ranges to the west of the Lake are characterized by higher peaks and
steeper slopes (Krebs and Boonstra 2001). The climate is semi-arid, with less than 300 mm of
precipitation per year (Krebs and Boonstra 2001). Treeline, which we defined as the upper limit of twometer tall trees (see Batllori et al. 2009) is comprised almost exclusively of white spruce (Picea glauca)
and generally occurs at 1300 m a.s.l., but is approximately 150 m a.s.l. lower on north-facing than southfacing slopes. Forest line, defined here as the upper limit of 30% canopy cover of trees at least five
meters in height (see Van Bogaert et al. 2011) occurs approximately 100 m a.s.l. below treeline.
Krummholz or tree species line, the upper limit of stunted P. glauca individuals, occurs 100-200 m a.s.l.
above treeline.

2.3.2 Site selection
Three valleys were selected for sampling in each of two mountain ranges (Ruby and Kluane) for a
total of six sites, namely Bock’s Creek (BC), Burwash Creek (BW), and Quill Creek (QC) in the Kluane
Ranges, and Fourth of July Creek (FJ), Printer’s Pass (PP) and Clear Creek (CC) in the Ruby Range (See
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Figure 1-2 for map, Appendix A for site details). Although slopes are generally steeper in the Kluane
Ranges, we chose a Kluane Range site with shallow slopes (BW) and a Ruby Range site with steep slopes
(FJ) to ensure that any compositional differences between steep and shallow slopes were due to slope
angle and not the presence of species endemic to each mountain range. All sites were located in valleys
with creeks that ran east-west such that valley sides faced predominantly north and south.

2.3.3 Data collection
We established one transect on a north and another on a south-facing slope at each of our six
sites. Transects began just below forest line, extended through treeline, and ended in alpine tundra just
above krummholz line. The elevation spanned by each transect varied from 150 to 345 m depending on
the nature of the forest-tundra ecotone. Each transect was divided into seven intervals spaced apart at
equal elevations, hereafter referred to as “elevations”. At every elevation, we identified all vascular
plants to species and non-vascular plants to type (fungi, moss or lichen), and estimated their percent cover
in five 0.5 m2 quadrats (0.71 m x 0.71 m) spaced 25 m apart along a 100 m cross-transect (Figure 2-1).
Three 25 m2 plots were established over the middle and end quadrats at each elevation to obtain heights
and point counts of tall shrub and tree species at one-meter intervals, which we later converted to percent
cover. Surveys were conducted from mid-June to early August in 2013 and 2014. Individuals that could
not be identified in the field were photographed in situ and a voucher specimen obtained and pressed for
subsequent lab identification. Between 2013 and 2015 we used a combination of data loggers and point
measurements to measure several key abiotic variables along each transect, including soil temperature,
active layer depth, soil moisture content, and organic layer depth (for details, see Appendix B).
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South-facing
transect

North-facing
transect
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forest-tundra ecotone)

Tundra 7
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abiotic variables
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(dots are
locations of
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Figure 2-1: Schematic diagram illustrating a profile of each study site with the elevational extent of
transects marked as thick black lines (a); a diagram of the vegetation survey and 2015 abiotic data
collection design along each transect (hollow squares indicate locations with vegetation survey and
abiotic data, while filled squares indicate locations with only vegetation survey data) (b); and a plan
view of the data collection design at locations with both vegetation survey and abiotic data
collection (c).

2.3.4 Data analysis
We summarized community composition at each elevation by calculating total species richness,
beta-diversity (defined by Whittaker (1960; 1972) as beta = gamma/alpha), and species importance. The
latter was the average of relative percent cover and relative frequency taken from either the three 25 m2
plots (tall shrubs and tree species) or the five 0.5m2 quadrats (all other species) at each of the 84
elevations surveyed (similar to Judd et al. 2008; Danby et al. 2011). Using species importance values, we
ran two-dimensional non-metric multidimensional scaling (NMS) in PC-ORD v 6.0 (McCune and
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Mefford 2011) with the Sørensen dissimilarity index to assess variation in community composition
between elevations, aspects, and slope angles. We pre-determined that a two-dimensional solution was
optimal using the “autopilot” function in PC-ORD (detailed parameters for PC-ORD analysis provided in
Appendix C). We then tested for significant differences in composition between groups of elevations
using the multiple-response permutation procedure (MRPP), also with the Sørensen dissimilarity index.
To aid in our interpretation of the final ordination, we plotted abiotic variables measured in August 2015
as vectors. Finally, after ensuring normality and homogeneity of variance, we used two-way ANOVAs
with Tukey’s HSD post hoc tests in SPSS v.21 (IBM Analytics, Armonk, NY, US) to identify significant
differences in 2015 abiotic variables, compositional dissimilarities, and species richnesses between
aspects and elevations (fixed factors). Since factors such as geology and climate may contribute to
differences in plant communities between sites, but were not controlled for in our study design, we also
ran generalized linear mixed models with site as a random effect, and aspect and elevation as fixed
factors. These models yielded similar p-values to the original ANOVAs, so we have only reported the
results of the ANOVAs.

2.4 Results
The strongest grouping of elevations in ordination space occurred according to slope aspect,
rather than elevation or angle (Figure 2-2a). North-facing and south-facing elevations clustered on
opposite ends of Axis 2, which accounted for the vast majority of variance in the dissimilarity matrix
(Pearson’s correlation between Sørensen dissimilarity and Euclidean distance along Axis 2 was 0.79).
Only 50% of all 127 vascular plant species we encountered were shared across both aspects. On southfacing slopes, Solidago multiradiata, Mertensia paniculata, Festuca altaica, Potentilla fruticosa,
Arctostaphylos uva-ursi, Hedysarum alpinum, Salix glauca, and Epilobium angustifolium were frequent
and abundant (r ≤ -0.70 with Axis 2 site scores), whereas north-facing slopes were characterized by high
frequency and abundance of mosses, Rhododendron groenlandicum, Polygonum bistorta, Equisetum
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scirpoides, and Moneses uniflora (r ≥ 0.60 with Axis 2 site scores). There was no visible grouping of
elevations by their relative position within the forest-tundra ecotone (Figure 2-2b).
North-facing elevations were arranged along Axis 1 according to differences in slope angle
(Figure 2-2a). Alnus crispa, Boschniakia rossica (a parasitic plant associated with A. crispa roots),
Oxyria digyna and Vaccinium vitis-idaea were dominant on the steeper north-facing slopes at BC, QC and
FJ (r ≥ 0.5 with Axis 1 site scores when only north-facing slopes were ordinated), while Carex consimilis,
Vaccinium uliginosum, Rhododendron lapponicum, Lupinus arcticus, and Saussurea angustifolia
dominated the shallower slopes at PP, CC, and BW (r ≤ -0.5 with Axis 1 site scores when only northfacing slopes were ordinated). In contrast, south-facing elevations did not show any distinct separation in
ordination space according to slope angle, although shallow portions of south-facing slopes (e.g. E2, E3,
and E4 at PP, E1 and E2 at BW, and E1 at FJ) were similar in composition to shallow north-facing slopes.

a)

b)
E4
E2

Soil VWC (%)

E1

Organic
Depth (cm)

Organic
E5
Depth (cm)
Soil VWC (%)

Slope Angle (º)

Slope Angle (º)

Active Layer (cm)

Active Layer (cm)
E3

Soil Temp (ºC)

Soil Temp (ºC)
E7

E6

Figure 2-2: Two-dimensional non-metric multidimensional scaling (NMS) (rotated with soil
temperature) showing all 84 elevations, first grouped by slope angle and aspect (a) and then by
elevational position within the forest-tundra ecotone (b). In (a), north-facing slopes are shown in
black, while south-facing are shown in grey, and steep slopes are represented by triangles, while
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shallow slopes are represented by circles. In (b), darker diamonds represent lower elevations, while
lighter diamonds represent higher elevations within the forest-tundra ecotone. Correlations
between site scores and Sørensen dissimilarity are shown in brackets next to the axis labels and
environmental variables (measured in August 2015) have been plotted as vectors representative of
the strength and sign of their correlation to Axis 1 and 2 site scores (cutoff of r = 0.2).

MRPP revealed a significant difference between elevations grouped by slope angle and aspect (T
= -32.602, A = 0.270, p < 0.001) (Figure 2-2a), but no significant difference between elevations grouped
according to their elevational position within the forest-tundra ecotone (T = -0.113, A = 0.001, p = 0.399)
(Figure 2-2b). Pairwise comparisons revealed that there was a greater difference between steep and
shallow north-facing slopes than steep and shallow south-facing slopes as measured by the T-statistic (13.976 compared to -8.658), but differences between aspects far outweighed both (T-statistics between 22.016 and -26.151).
Two-way ANOVA revealed no significant differences in mean species richness between aspects
(F = 0.947, p = 0.334) or elevations (F = 0.981, p = 0.445), and no significant interaction between aspect
and elevation (F = 1.800, p = 0.112) (Figure 2-3). However, total richness on south-facing slopes (108
species) was higher than on north-facing slopes (83 species). Due to the similarity in mean species
richness per elevation between aspects (27.5 ± 3.8 and 28.4 ± 4.9 species on north and south-facing
slopes, respectively), this resulted in higher beta-diversity on south-facing than north-facing slopes (3.8
compared to 3.0).
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Figure 2-3: Mean species richness at each elevation averaged across all six north-facing (dark grey)
and six south-facing (light grey) slopes. A two-way ANOVA revealed no significant differences
between aspects (F = 0.947, p = 0.334) or elevations (F = 0.981, p = 0.445) and no significant
interaction between the two factors (F = 1.800, p = 0.112). Error bars represent standard
deviations.

Sørensen dissimilarities on both aspects increased as the elevational distance between pairs of
elevations increased, but dissimilarities between pairs of south-facing elevations were generally larger
than those between north-facing elevations, particularly at short elevational distances (Figure 2-4). Twoway ANOVA revealed that dissimilarities between adjacent elevations were significantly greater on south
compared to north-facing slopes (F = 13.510, p = 0.001) (Figure 2-5). There were no significant
differences between elevational intervals (F = 1.444, p = 0.222) and no significant interaction between
aspect and elevation (F = 2.080, p = 0.080).
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Figure 2-4: Sørensen dissimilarity between elevations on each slope expressed as a function of
elevational distance. Points represent the Sørensen dissimilarity and distance between every
possible pairing of elevations within each of the six north-facing (black) and six south-facing (grey)
ecotones (i.e. E1 vs. E2, E1 vs. E3, E1 vs. E4, ... , E2 vs. E3, E2 vs. E4, E2 vs. E5, etc.).
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Figure 2-5: Sørensen dissimilarity between adjacent pairs of elevations averaged across all six
north-facing (dark grey) and six south-facing (light grey) ecotones. Two-way ANOVA revealed
significantly greater dissimilarities on south-facing compared to north-facing slopes (F = 13.510, p =
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0.001). There were no significant differences between elevations (F = 1.444, p = 0.222), and no
significant interaction between aspect and elevation (F = 2.080, p = 0.080). Error bars represent
standard deviations.

Abiotic variables measured at each of the six sites in August 2015 were representative of
prevailing trends in abiotic conditions (Appendix D), and explained many of the patterns we observed in
community composition (Figure 2-2, Figure 2-6). Two-way ANOVAs revealed that mean soil
temperature and active layer depth were significantly higher on south compared to north-facing slopes (F
= 155.548, p < 0.001 and F = 43.024, p < 0.001), and appeared to be the main drivers of aspect-related
differences in community composition (r = -0.87 and -0.60 with Axis 2 site scores, respectively).
Interestingly, these variables increased with elevation on south-facing slopes, though only substantively at
two of the six sites (FJ and BW). At these sites, cumulative tall shrub and tree cover values (i.e. summed
percent cover of each tall shrub and tree species found in a given 25 m2 shrub plot) were negatively
associated with mean soil temperatures (-0.049ºC per 1% increase in cumulative cover, R2 = 0.452 at FJ; 0.026ºC per 1% increase in cumulative cover, R2 = 0.114 at BC), suggesting greater exposure to direct
sunlight warmed south-facing tundra soils to temperatures that were 4.1 to 6.7 degrees warmer on average
than their forest line counterparts at these sites.
Volumetric soil water content (VWC) was significantly greater on north compared to southfacing slopes (F = 14.469, p < 0.001) (Figure 2-6). Values were also highly variable between northfacing slopes at different sites due to the influence of slope angle. Shallow north-facing soils were dense
and saturated (50.4 ± 27.1%), while steep north-facing soils were loose and dry in comparison (28.3 ±
17.6%). This resulted in very different community assemblages on steep versus shallow north-facing
slopes (r = -0.58 with Axis 1 site scores). In contrast, moisture on south-facing slopes did not vary
significantly with slope angle (26.0 ± 12.3% on shallow slopes and 27.8 ± 12.8% on steep slopes).
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Figure 2-6: August 2015 soil temperature, active layer depth, organic layer depth and volumetric
soil water content at each elevation averaged across all six north-facing slopes (black lines) and six
south-facing slopes (grey lines) with error bars representing standard deviations. Each variable was
measured between 9 and 15 times at an individual elevation in late August such that each mean is
composed of 54 to 90 individual measurements across all sites (see Figure 2-1 for data collection
schematic and Appendix B for data collection details). Two-way ANOVAs revealed significantly
greater soil temperature and active layer depths on south compared to north-facing slopes (F =
155.548, p < 0.001 and F = 43.024, p < 0.001), and significantly lower soil volumetric water content
on south-facing slopes (F = 14.469, p < 0.001). Active layer depth and soil volumetric water content
showed no significant differences between elevations, but soil temperature was significantly greater
at Elevation 7 than it was at Elevations 1 and 4 (p = 0.035 and p = 0.036).
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2.5 Discussion
Of the three levels of comparison in community composition (elevation, aspect, and slope angle),
we found that aspect explained the most variance. Aspect-related differences in species composition are
not uncommon in alpine regions (Gallardo-Cruz et al. 2009; Yirdaw et al. 2015), but variation in exposure
to solar radiation may influence environmental variables differently depending on the geographic location
of the study. Differences in composition between aspects in tropical regions are primarily driven by
different moisture regimes (Gallardo-Cruz et al. 2009; Lippok et al. 2014; Yirdaw et al. 2015). In our
study area, north-facing slopes were wetter than south-facing slopes, but differences in soil temperatures
and active layer depths were the primary correlate of compositional differences between aspects.
Therefore, when permafrost is present, the influence of radiative heating on soil temperatures likely exerts
greater control on community composition than any influence on soil moisture content, even in a semiarid region like Kluane. Compositional differences between steep and shallow north-facing slopes in our
study region occurred due to differences in soil moisture content. The reason we did not see a similar
moisture-driven compositional separation between steep and shallow south-facing slopes is likely because
deeper active layers and the presence of mineral soil layers between the organic layer and permafrost
improve drainage on shallow south-facing slopes (Carey and Woo 2001).
The lack of any distinguishable gradient in community composition from low to high elevation
within the forest-tundra ecotone was unexpected. The terms “forest” and “tundra” are defined by the
presence and absence of trees, respectively, but neither contained a set of plant species unique to their
position within the ecotone. In fact, south-facing forest (E1) communities were often more similar in
composition to south-facing tundra (E7) communities than to north-facing forest (E1) communities.
Although they did not explicitly survey forest-tundra ecotones, Lippok et al. (2014) found that local
topography exerted a greater influence on plant community composition than elevation across a 600 m
gradient in Bolivia and Marshall and Baltzer (2015) found a complete lack of clustering of communities
by latitude in ordination space when they surveyed plant communities across a latitudinal gradient
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extending from 60º to 68º N in northwestern Canada. These studies indicate that our findings are not
restricted to elevational gradients in topographically complex regions. It is therefore critical to recognize
that the terms “forest” and “tundra” refer only to structural differences in vegetation, not necessarily to
compositional differences.
Contrary to Odum’s (1953) hypothesis, but similar to studies that have covered comparable
elevational ranges (Batllori et al. 2009; Dorji et al. 2014), species richness did not peak in the middle of
the forest-tundra ecotone. We suspect recent vegetation change may have influenced the trends in
richness we observed. Trees, shrubs, and other vascular plants have recently advanced upslope on south
aspects in this region, but change has been less pronounced on north-facing slopes (Danby and Hik
2007a; Danby et al. 2011). It is possible that upslope advance is only now beginning to occur for many
plant species on north-facing slopes, and that the increase in richness with elevation we observed signifies
a dispersal front. On south-facing slopes, recent vegetation change likely contributed to the erratic
patterns in richness we observed, as species richness generally declines under increasing deciduous shrub
height and cover (Walker et al. 2006). In short, richness is unlikely to follow theorized patterns across an
ecotone that is defined by the presence of a single tree species (P. glauca), especially in a region that is
undergoing rapid vegetation change.
Contrary to our hypothesis, the rate of community turnover did not peak in the middle of the
forest-tundra ecotone. This may be a function of the elevational extents of the transects. Had we extended
them further into the neighbouring forest and tundra, we may have been better able to detect differences
between turnover rates in the ecotone versus the surrounding environments. Moss abundance can
partially explain why compositional heterogeneity was greater between elevations on south-facing than
north-facing slopes. Moss was either absent or very low in abundance on south-facing slopes, but was
both frequent and highly abundant on north-facing slopes, resulting in high similarity between elevations
within a slope. When we removed non-vascular plants from the analysis, the heterogeneity of northfacing slopes increased, though it was still not as high as on south-facing slopes (results not shown). We
23

did not identify mosses to species in our surveys so it is difficult to say whether north-facing
heterogeneity would have increased to the level of south-facing slopes if we had, but since moss diversity
appeared to be low (mainly Hylocomium splendens), we suspect it would not have.
Rates of community turnover do not necessarily influence treeline dynamics directly, but Trant et
al. (2015) hypothesized that abrupt changes in composition across treeline may be indicative of abrupt
changes in the environmental variables that govern seedling establishment. We found some circumstantial
evidence for this hypothesis, as rapid turnover just above forest line on south-facing slopes was
accompanied by a sudden decline in seedling density. In contrast, north-facing slopes had an abundance
of seedlings in both forest and treeline environments, which is consistent with the low dissimilarities
(gradual community turnover) we observed between adjacent north-facing elevations in the lower half of
the forest-tundra ecotone. While our observations do not provide a definitive test of Trant et al.’s (2015)
hypothesis, they indicate that rates of community turnover across the treeline ecotone have the potential to
distinguish treelines with edaphic or biotic barriers to seedling establishment (i.e. less likely to advance)
from those without such barriers.
Soil temperature and active layer depth increased with elevation on two of the six south-facing
slopes we surveyed. Though unexpected, these findings are not unique to our study as Bader et al. (2007)
encountered similar trends in soil temperatures across tropical treelines in the Andes and attributed them
to the cooling influence of canopy shading below treeline. Similarly, the decrease in tall shrub and tree
cover with elevation was at least partially responsible for the corresponding increase in soil temperature at
our sites. If we had covered a more extensive elevational range we would likely have observed a decline
in soil temperature and active layer depth with elevation, but the fact that we found no such trend on
either north or south-facing slopes within the forest-tundra ecotone is notable given the strong links
between soil temperature and alpine treeline elevation at a global scale (Körner and Paulsen 2004).
Treeline elevation in our region is broadly linked to soil temperature at the scale of an alpine valley, since
south-facing treelines are consistently 100 to 210 m a.s.l. higher in elevation than north-facing treelines.
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However, the decline in tree height and cover with elevation within an individual slope does not appear to
be controlled by soil temperature, as growing season soil temperatures did not decline with elevation
across any of the forest-tundra ecotones we surveyed.
Although compositional change is predicted to occur parallel to elevational gradients in air
temperature (i.e. in an upslope direction), our results suggest that the topographic complexity of alpine
regions will cause change to occur at different rates and in different directions depending on the edaphic
characteristics of each slope. It is unlikely that shifts in treeline elevation will directly alter the
composition of alpine plant communities, or that plant species’ range limits will universally follow
isotherms upslope as air temperatures rise, since the decline in tree cover with elevation is not
accompanied by a progression from “forest” to “tundra” plant communities across treelines in the Kluane
Region. South-facing slopes have experienced the majority of vegetation change in this region up until
now (Danby and Hik 2007a; Danby et al. 2011), likely because warmer soils have permitted trees and
other plants to take greater advantage of favourable climatic conditions. However, with permafrost
degradation and rising air temperatures, it is possible north-facing soil temperatures will reach a threshold
beyond which conditions become suitable for the more competitive plant species currently dominating
south-facing slopes. In this case, the north-facing species pool would increase and composition would
start to resemble that of south-facing slopes.
Predictive models of vegetation change often assume that climatic conditions exert more control
on plant species distributions than edaphic conditions, especially at coarse spatial resolutions (Heikkinen
et al. 2006). However, several recent studies have shown that species distributions are strongly governed
by variables such as pH, slope angle, and soil depth at resolutions up to 50 km (Bertrand et al. 2012), and
are particularly important when modeling distributions of small stature vegetation (Dubuis et al. 2013;
Beauregard and de Blois 2014). The inclusion of edaphic variables that require soil sampling is highly
intensive and admittedly unrealistic when modeling vegetation change in remote alpine regions or over
large spatial extents. However, the inclusion of topographic variables such as slope aspect and angle
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would improve models substantially, as slope aspect encompassed much of the variability in soil
temperature, active layer depth and organic soil depth at our sites, while slope angle encompassed
variability in soil moisture content (similar to Beauregard and de Blois 2014). These topographic
variables can be obtained at relatively fine scales across large spatial extents in any study area with an
adequate digital elevation model, and can therefore be incorporated into predictive models with relative
ease. We further recommend that long-term alpine vegetation monitoring initiatives ensure that
permanent plots capture variation in community composition across major topographic features at each
study site, rather than solely across elevational gradients. This will ensure that future resurveys capture
local variability in rates of change (as in Winkler et al. 2016), and that predictions based on these
observations will not over or underestimate compositional change as a result.
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Chapter 3
Climatic drivers of tree growth at treeline in southwest Yukon change over
time and vary between landscapes
3.1 Abstract
Tree growth rates are expected to increase as climate warms, particularly at their altitudinal and
latitudinal range limits. However, trees often exhibit unexplained spatial and temporal variation in
climate-growth responses, especially in alpine regions. Until this variability is explained, predictions of
future tree growth are unlikely to be accurate. We sampled Picea glauca (white spruce) growing at forest
and treeline on north and south aspects in two mountain ranges of southwest Yukon to determine how and
why ring width patterns vary between topographic settings, and over time. We used multivariate
statistical analysis to characterize variation in ring width patterns between topographic factors and time
periods, and calculated correlations between ring widths and climate variables to explain this variation.
Ring width patterns varied more between mountain ranges than elevations or aspects, particularly in
recent decades when ring widths increased in one mountain range but not the other. Tree growth diverged
from the summer temperature record during warmer time periods, but was not positively correlated to
summer precipitation, suggesting trees are not suffering from temperature-induced drought stress. Rather,
ring widths began responding positively to spring snow depth after 1976. We conclude that ring widths
are unlikely to increase in synchrony with rising air temperatures across subarctic treelines. Instead, they
may decline in areas that are prone to thin snowpacks or rapid spring runoff due to the negative influence
warming springs will have on snow depth and, consequently, early growing season soil moisture.

3.2 Introduction
Alpine treeline position is globally constrained by growing season air and soil temperatures and,
consequently, tree growth at treeline is expected to increase as climate warms (Körner and Paulsen 2004).
Rapid increases in the ring widths of trees growing at their range limits in North America and around the
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world have been observed in recent decades, and have been highly correlated to rising air temperatures
(Driscoll et al. 2005; Qi et al. 2015). However, the responses of trees to climate near alpine treelines
often vary markedly over relatively short distances. For instance, substantial differences in climategrowth responses have been found between trees growing on adjacent slope aspects, and even between
trees at low and high elevations within a single slope (Oberhuber 2004; Liang et al. 2006; Leonelli et al.
2009; Wolken et al. 2016).
In addition to spatial variability, temperature-growth relationships at treeline can be temporally
unstable (D’Arrigo et al. 2008). This phenomenon, termed “divergence”, is particularly prevalent in white
spruce (Picea glauca) populations in northwestern North America and has been linked to a variety of
causal mechanisms, including heat-induced drought stress, and temperatures exceeding physiological
thresholds for optimal tree growth (D’Arrigo et al. 2008). Spatial and temporal variability in the responses
of treeline trees to climate have several implications in dendrochronology and broader studies of
vegetation change. First, climate-growth responses of trees sampled in mountainous regions could be
highly localized, meaning reconstructed climate variables will be inaccurate for the broader region
(Leonelli et al. 2009). Similarly, divergence suggests that tree growth at treeline may be an unreliable
indicator of past air temperature (D’Arrigo et al. 2008). Finally, the assumption that tree productivity at
treeline will increase with climate warming may not be true in all locations (Liang et al. 2006).
Northwestern North America has experienced some of the most substantial climate warming in
the world over the last century (Pachauri and Meyer 2014). Many dendroclimatological studies have
already been conducted in these regions as a result, but their conclusions differ. For example, Lloyd and
Fastie (2002) and Ohse et al. (2012) found evidence that high temperatures in recent decades caused some
populations of white spruce to suffer from drought stress, but not at their highest sampling elevations or
northernmost sampling latitudes, respectively. Driscoll et al. (2005) and Porter and Pisaric (2011) found
that evidence for recent drought stress was restricted to a subset of their sites, and D;Arrigo et al. (2004)

28

found little evidence of drought stress at a site in central Yukon, concluding that summer temperatures
had passed a threshold beyond which they were no longer beneficial to growth.
In southwest Yukon, white spruce growth responses to climate have been equally variable.
Youngblut and Luckman (2008) found that growth patterns of trees near treeline were synchronous across
large geographic distances and that climate-growth relationships were relatively stable over time. In
contrast, Chavardès et al. (2013) and Griesbauer and Green (2012) found that white spruce growth at
treeline in southwest Yukon was limited more by moisture than temperature. They concluded that trees
are susceptible to temperature-induced drought stress, and that growth is unlikely to increase with climate
warming unless rising temperatures are accompanied by additional summer precipitation. The close
proximity of these studies indicates that variation in growing conditions from one treeline site to the next
can markedly influence growth patterns and climate-growth relationships in alpine regions. Until this
landscape-scale variation is explained, regional-scale predictions of future tree productivity could be
inaccurate.
We aimed to describe and explain spatial and temporal variability in ring width patterns across
treelines in southwest Yukon, a topographically complex region of subarctic Canada that is experiencing
rapid warming. Our research questions were: 1. How do ring width patterns of white spruce vary
depending on (a) elevation within the forest-tundra ecotone, (b) slope aspect, and (c) mountain range? 2.
How do the growth patterns in these different topographic contexts vary over time? 3. Do trees respond
to different climatic variables depending on their topographic context and do these responses change over
time?
We hypothesized that we would find the greatest differences in growth patterns between trees on
opposing slope aspects because temperature-induced drought stress in the summer would hinder growth
on dry south-facing slopes, but not on wetter north-facing slopes. We also hypothesized that treeline trees
would be more responsive to growing season air temperature than lower elevation forest line trees given
that they are at their range limit and are theoretically more temperature stressed. As a result, we expected
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that trees on north-facing slopes at treeline would stand to benefit most from the effects of climate
warming.

3.3 Methods
3.3.1 Study region
The Kluane Region in southwest Yukon has a mean annual temperature of -3.6 ± 1.2 ºC and
annual precipitation of 288 ± 54 mm (recorded over the past 45 years in Burwash Landing, 61º22’00” N,
139º03’00” W) (Environment and Climate Change Canada 2017). The high peaks of the St. Elias
Mountains significantly influence climate in this region. Warm, moist air from the Gulf of Alaska travels
east, strikes the St. Elias Mountains, and creates substantial orographic precipitation on the windward
western slopes (Scudder 1997), with total annual precipitation approaching 4000 mm in Yakutat, AK.
The subsequent rain shadow that develops on the eastern leeward slopes is responsible for the semi-arid
conditions in southwest Yukon (Figure 3-1) (Scudder 1997).
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Figure 3-1: Map of southwest Yukon with major mountain ranges labeled, the study area indicated
by a dark shaded circle, and nearby cities/towns with climate data indicated by white dots

Pacific ocean-atmospheric circulation patterns, such as the Pacific Decadal Oscillation (PDO) and
El Niño-Southern Oscillation (ENSO), influence climate across much of western subarctic North America
(Mantua and Hare 2002). The PDO oscillates between predominantly positive index values (positive
phases) and negative index values (negative phases) in approximately 30-year cycles (Mantua and Hare
2002). In the last century, there was a predominantly negative phase beginning in 1890, a positive phase
from 1923-1945, another negative phase from 1946-1976, and another positive phase beginning in 1977
(Mantua and Hare 2002). PDO index values correlate positively and significantly with January, March,
April, and May temperatures in southwest Yukon (Fleming and Whitfield 2010). In contrast, ENSO
operates over shorter time periods, and index values correlate with December and February temperatures
only (Fleming and Whitfield 2010).
The Kluane Region contains several different mountain ranges in a small geographic area. The
Ruby Range to the east of Kluane Lake has slope angles typically less than 20º near treeline, while the
Kluane Ranges to the west of the lake frequently have slope angles above 30º at treeline (Figure 3-1). The
dominant tree species at treeline in the region is Picea glauca (Moench) Voss, although Populus spp.
occur in localized patches near treeline on south-facing slopes. Treeline, defined here as the upper limit
of two meter tall trees, generally occurs at 1300 m a.s.l., but can be as high as 1400 m on south-facing
slopes and as low as 1200 m on north-facing slopes. Forest line, the limit of 30% spruce canopy cover,
occurs approximately 100 m below treeline.

3.3.2 Sample collection and chronology development
We sampled white spruce trees from north- and south-facing slopes at six sites; three in the Ruby
Range and three in the Kluane Ranges (Figure 1-2; Appendix A). We obtained cores or cross-sections
from 15 trees at treeline and another 15 at forest line on each aspect at each site, for a total of 60 trees per
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site (360 trees in total). Open-growing, older trees were selected to minimize noise in the chronologies
and extend each chronology as far back in time as possible. We obtained two cores (at least 90 degrees
apart) from trees at breast height (1.3 m), although occasionally we sampled as low as 60 cm to maximize
series length (Oberhuber 2004).
We prepared cores and visually cross-dated samples using the list method (Speer 2010). Missing
and locally absent rings were relatively rare. Only 8 of the 24 chronologies contained series with absent
rings, and there were never more than 7 trees (out of 15) with the same absent year in any given
chronology (See Appendix E for complete list of missing or locally absent rings). Ring widths were
measured under a stereo microscope using a sliding measurement stage (Velmex Inc.) and digital encoder
(Heidenhain) with MeasureJ2X software (VoorTech Consulting). We statistically validated our crossdating using COFECHA (Holmes 1983) with default settings, then deleted the first two years of growth
from each series, and removed series with low correlations (r < 0.4) to the master chronology (15 of 678
series measured). To remove age-related growth trends, but retain low frequency variation, we
standardized and detrended each series in ARSTAN (Cook and Holmes 1986) using negative exponential
curves, negative linear curves, or straight lines through the mean. Specifically, we selected a detrending
curve for each series based on the presence or absence of an age-related growth trend (if none was
present, we opted for straight lines), as well as the tendency for negative exponential or linear curves to
exaggerate growth near the end of a series (if growth was exaggerated by a negative curve, we adopted a
straight line so as not to bias results) (Cook and Peters 1997). We then used a biweight robust mean to
combine series into chronologies at forest and treeline on each aspect at each site, resulting in a total of 24
residual and 24 standard chronologies. We used standard chronologies (temporal autocorrelation retained)
to characterize variability in ring width patterns between topographic positions, and residual chronologies
(temporal autocorrelation removed) for climate-growth analysis, since we did not want dependence
between successive ring widths to influence the results of the latter. Finally, we truncated each
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chronology at a sample depth of three trees to ensure that chronologies were reflective of more than just a
single tree’s growth patterns, while maintaining as long a chronology as possible.

3.3.3 Climate data
We identified all sources of monthly temperature and precipitation data in the region for the
purpose of relating ring widths to climate (see Data Analysis, below). Environment and Climate Change
Canada operates a meteorological station at the Burwash Landing airport, located within 45 km of all
sites. Data extends back to 1967, but we were interested in a longer time series. We explored several
high-resolution gridded datasets with interpolated monthly temperature and precipitation data extending
back to 1901. While monthly temperature patterns in the Kluane Region were very accurately
represented by Natural Resources Canada (NRCan) gridded interpolations (McKenney et al. 2011), no
gridded products accurately represented precipitation patterns (Appendix F). We therefore opted to
model Burwash Landing precipitation back to the early 1940s using the linear relationship between
monthly Burwash Landing records and Whitehorse and Haines Junction records (Figure 3-1) (similar to
Qi et al. 2015) (Appendix G). We also extracted end-of-March snow depth records from the Burwash
Landing station as a proxy for spring meltwater quantity and modeled these back to the 1940s as above.

3.3.4 Data analysis
We used multivariate statistics to compare tree growth patterns in different time periods and
topographic settings. We divided standard chronologies into discrete time periods based on PDO phase
changes, as they influence temperature patterns in the region (see Study Region, above). Since many
chronologies did not have adequate sample depth during the 1890-1922 phase, we divided the 24 standard
chronologies into three segments corresponding to the subsequent three phases. We then used non-metric
multidimensional scaling (NMS) with the Euclidean distance metric in PC-ORD Version 6 (McCune and
Mefford 2011) to ordinate each segment of each standard chronology in two-dimensional space
(disparities between Euclidean distance and distance in ordination space were not markedly reduced by
addition of a third dimension). We scaled axis scores by proportion of the maximum score to facilitate
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visual comparisons between diagrams and used the non-parametric Multi Response Permutation
Procedure (MRPP) to test for significant differences in ring width patterns between chronologies.
We calculated Pearson’s correlation coefficients between residual chronologies and seasonal
climate variables from the previous summer through to the current summer (Appendix H) to explain
differences in ring width patterns between chronologies. We calculated correlations separately for each
PDO phase and assessed their significance using 95% confidence intervals generated by bootstrapping
(1000 iterations). Since we did not have reliable precipitation data for the 1923-1945 time period, we
could not assess precipitation-growth relationships during this phase.

3.4 Results
3.4.1 Comparisons between chronologies
Ring widths generally increased during the positive PDO phase from 1923 to 1945 and decreased
during the negative PDO phase from 1946-1976 (Figure 3-2). However, patterns during the most recent
positive phase (1977-2012) were mixed. Ring widths in the Ruby Range increased, while those in the
Kluane Ranges generally did not. NMS and MRPP revealed several differences in ring width patterns
between mountain ranges, but few differences between slope aspects, and no significant differences
between elevations (Figure 3-3). Range and aspect-related differences varied in magnitude with shifts in
PDO phase. From 1923-1945, there were no significant differences between the ring width patterns of
chronologies grouped by aspect and elevation (A = 0.017, p = 0.256). However, chronologies grouped by
aspect and mountain range were significantly different (A = 0.180, p < 0.001), due exclusively to
differences between mountain ranges according to pairwise comparisons. In the negative PDO phase that
followed, ring width patterns were not significantly different when grouped by aspect and elevation (A =
0.036, p = 0.131), but were significantly different when grouped by aspect and mountain range (A =
0.177, p = 0.005), due both to differences between ranges and between aspects in the Ruby Range.

34

Figure 3-2: All 24 standard chronologies. Kluane Range chronologies are in the left-hand column,
Ruby Range chronologies in the right-hand column; forest line chronologies in the top three rows
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(a-f), treeline chronologies in the bottom three rows (g-l); south-facing chronologies in grey, and
north-facing chronologies in black. Vertical grey lines indicate PDO phase changes

Figure 3-3: Non-metric multidimensional scaling of all 24 standard chronologies divided into three
time periods, and grouped first by elevation and aspect (top row, a-c), then by aspect and mountain
range (bottom row, d-f). SF = south-facing forest line, ST = south-facing treeline, NF = northfacing forest line, NT = north-facing treeline, RR S = Ruby Range south-facing, RR N = Ruby
Range north-facing, KR S = Kluane Ranges south-facing, KR N = Kluane Ranges north-facing

Unlike the two preceding phases, chronologies in the 1977-2012 phase were significantly
different when grouped by elevation and aspect (A = 0.104, p = 0.007), due to differences between
aspects rather than elevations. Similar to the first two phases, chronologies in the 1977-2012 phase were
significantly different when grouped by aspect and mountain range (A = 0.228, p < 0.001) due to
differences between mountain ranges as well as aspects. Differences in ring width patterns between
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mountain ranges and aspects were notably stronger during this phase than either of the two preceding
phases (A = 0.228 compared to A = 0.180 and 0.177).

3.4.2 Climate-growth analysis
Seasonal climate varied in accordance with shifts in PDO, particularly with respect to
temperatures (see Appendix H). Since there were no significant differences between forest and treeline
ring width patterns in any of the three PDO phases, we combined each pair into a single chronology for
climate-growth analysis. Chronologies were positively correlated to summer temperature and negatively
correlated to spring temperature, though the magnitude of these correlations varied between mountain
ranges and especially PDO phases (Figure 3-4). Ring widths in the Kluane Ranges responded positively
to summer temperature and negatively to spring temperature in all three phases, though both responses
were strongest in the 1977-2012 phase. Ring widths in the Ruby Range did not respond to summer
temperature at all in the 1977-2012 phase, but responded strongly and positively during the preceding
phase (1946-1976). Similar to chronologies in the Kluane Ranges, they were negatively correlated to
spring temperature in the two positive phases, especially the most recent phase. There were no notable
differences in responses to temperature between slope aspects.
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Figure 3-4: Pearson correlations between seasonal temperature and residual ring width patterns in
the Kluane Ranges (left) and Ruby Range (right). Each row represents a different PDO phase and
asterisks indicate significant correlations at the p = 0.05 level

Relationships between residual chronologies and seasonal precipitation were weak compared to
relationships with spring and summer temperature (Figure 3-5). Significant negative correlations between
ring widths and summer precipitation occurred on south-facing slopes in the Kluane Ranges between
1977 and 2012, but not in the preceding phase. Notably, most chronologies had significantly positive
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correlations to the depth of the March 31st snowpack in the 1977-2012 phase despite very weak and
insignificant relationships in the preceding phase (Figure 3-6).

Figure 3-5: Pearson correlations between seasonal precipitation and residual ring width patterns in
the Kluane Ranges (left) and Ruby Range (right). Each row represents a different PDO phase and
asterisks indicate significant correlations at the p = 0.05 level
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Figure 3-6: Pearson correlations between March 31st snow depth and residual ring width patterns
in the Kluane Ranges (left) and Ruby Range (right). Each row represents a different PDO phase
and asterisks indicate significant correlations at the p = 0.05 level

3.5 Discussion
We found substantial spatial and temporal variability in the ring width patterns and climategrowth relationships of white spruce growing near treeline in the Kluane Region. Spatially, ring width
patterns showed greater variation between mountain ranges than between aspects or elevations,
particularly between 1976 and 2012, when ring widths were increasing in the Ruby Range, but not in the
Kluane Ranges. Ring widths at most locations were strongly and positively correlated to summer air
temperature during the cooler PDO phase from 1946-1976, but not during the warmer phases (1923-1945
and 1977-2012). However, the lack of positive responses to summer precipitation indicates that this
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divergence from the temperature record is not occurring in response to heat-induced drought stress.
Instead, spring drought stress may be an important limiting factor in the future, as ring widths have been
responding positively to the depth of the snowpack at the end of March for the past several decades.
The strong similarity in ring width patterns between forest and treeline elevations was unexpected
given the differences observed at other sites in North America and Europe across elevational ranges
similar to ours (Lloyd and Fastie 2002; Oberhuber 2004; Ohse et al. 2012). Recent treeline dynamics can
partially explain our results. Between 1920 and 1950, treeline advanced rapidly in the Kluane region
(Danby and Hik 2007a), meaning trees at the current forest line were treeline trees as recently as 60 years
ago. In addition, treelines in this region have not advanced in equilibrium with climate warming (Danby
and Hik 2007a), possibly due to the presence of non-climatic barriers to seedling establishment above the
current treeline (Kambo and Danby 2017). Therefore, the growth of trees near the current treeline is not
necessarily as sensitive to summer air temperature as it would be if trees were growing at their true
temperature-induced range limit.
The pronounced differences in growth patterns between mountain ranges, particularly in the most
recent phase (1977-2012), have no definitive explanation, but are likely related to differences in patterns
of snow accumulation and/or meltwater runoff. Given their close proximity, it is unlikely that
temperatures differ substantially between ranges, and there were no consistent differences between daily
rainfall recorded at the Printer’s Pass site (Ruby Range) between 2013 and 2015 and that recorded at
Burwash Landing (authors’ unpublished data). However, the sudden appearance of strong correlations
between March 31st snow depth and ring widths after 1976, when Ruby and Kluane Range ring width
patterns diverged most from one another, suggests that differences in snow depth between ranges are
driving range-related differences in ring width patterns. It is possible that higher exposure to winter
winds and clustered patterns of trees in the Ruby Range cause snow to accumulate around tree stems,
resulting in higher spring meltwater availability and permitting tree growth to increase in spite of an
overall decline in snowpack depth. Additionally, shallower slope angles likely mean that slopes in the
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Ruby Range are retaining a greater proportion of spring meltwater (i.e. lower runoff). Unfortunately, there
are no long-term snow depth or spring soil moisture records from within each range to confirm these
hypotheses.
Though they were not as pronounced as differences between mountain ranges, significant
differences between ring width patterns on opposing slope aspects occurred in the Ruby Range from
1946-1976, and in both ranges from 1977-2012. Previous studies in Austria and Italy have found that
trees on south and west-facing slopes are less responsive to summer temperature than those on north and
east-facing slopes because temperature-induced drought stress in the summer restricts growth on drier
aspects (Oberhuber 2004; Leonelli et al. 2009). Contrary to these results, and to our hypothesis, most
correlations between ring widths and summer precipitation in the Kluane Region were weak and
insignificant. In fact, the only significant correlations between ring widths and summer precipitation were
negative, and occurred on south-facing slopes in the steeper Kluane Ranges (i.e. our driest sampling
locations) during the warmest PDO phase. Similarly, Walker et al. (2015) found evidence that black
spruce growing on wetter north-facing slopes experienced higher summer moisture stress than those on
south-facing slopes in Alaska. North-facing soils at our sites are wetter than south-facing soils, but northfacing slopes also have thinner active layers and colder soils (Chapter 2: Dearborn and Danby 2017).
Shallow active layers can restrict spruce root biomass (Noguchi et al. 2016) and cold soil temperatures
can limit water uptake by seedlings (Wolken et al. 2011). Therefore, trees on north-facing slopes may be
less able to use available soil moisture, rendering them more susceptible to summer drought than trees on
south-facing slopes. The reason studies in the European Alps found contrary results to ours and Walker et
al.’s (2015) could be because the absence of permafrost at their sites results in better-developed root
systems on north-facing slopes.
Our summer precipitation-growth results differ from those of Chavardès et al. (2013) and
Griesbauer and Green (2012), who found significant positive relationships between white spruce growth
and previous summer precipitation just 100 km from our southernmost site, leading them to conclude that
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trees were suffering from heat-induced drought stress. This can be partially explained by the fact that we
restricted our precipitation data to instrumental data only, primarily from the Burwash Landing station. In
contrast, Chavardès et al. (2013) used gridded ClimateWNA precipitation data, and Griesbauer and Green
(2012) used incomplete Haines Junction station data. Chavardès et al. (2013) reported that monthly
ClimateWNA precipitation records were positively correlated to Haines Junction records during the
period of overlap (r2 = 0.45). However, we found that monthly CRU (the basis for ClimateWNA
patterns) and Burwash Landing precipitation records were very poorly correlated in all months of the
year, and that Haines Junction and Burwash Landing records were only well correlated (r > 0.4) in May,
July and August. Given these discrepancies between precipitation data sources as well as the inherently
high spatial variation in precipitation patterns in alpine regions (McAfee et al. 2014), it is unsurprising
that our precipitation-growth results differ from those of Chavardès et al. (2013) and Griesbauer and
Green (2012).
These findings raise questions about the ability of gridded climate data to accurately capture the
fine scale variability exhibited by precipitation in alpine regions. Often weather stations are scarce in
northern regions, forcing dendrochronologists to use data collected several hundred kilometers away from
their study sites (Andreu-Hayles et al. 2011). Alternatively, gridded climate datasets are used (Lloyd et
al. 2013; Walker et al. 2015), which may appear to accurately represent local precipitation patterns due to
the high spatial resolution of grid cells, but are often reflecting patterns from very distant stations
(McAfee et al. 2014). While gridded datasets and distant weather station data are suitable for
temperature-growth analyses, we recommend caution when interpreting the results of precipitationgrowth analyses in remote alpine regions without a nearby weather station. It is possible that some of the
conflicting results regarding causes of the divergence phenomenon can be attributed to locally inaccurate
precipitation data.
Temperature-induced drought stress is one of the most commonly cited causes of divergence in
northern white spruce populations (Lloyd and Fastie 2002; Driscoll et al. 2005; Sherriff et al. 2017).
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However, Brownlee et al. (2016) found little evidence of stomatal closure, a physiological response to
drought stress, in divergent white spruce at drought-prone sites in Alaska and D’Arrigo et al. (2004)
found that white spruce divergence at a site in central Yukon was occurring because summer temperatures
had surpassed a threshold beyond which they were no longer physiologically beneficial to growth. A
similar temperature threshold phenomenon might be occurring at our sites, but it is important to note that
summer precipitation in the region has been abnormally high over the past decade (Appendix H).
Temperature-induced drought stress could therefore begin to affect white spruce at our sites in the future
if this higher summer precipitation is not sustained.
We found evidence that early growing season soil moisture has become an important limiting
factor for growth in recent decades. Wide rings in all chronologies were strongly associated with cold
springs from 1977-2012, despite very weak correlations from 1946-1976. As xylogenesis of high
elevation trees in southwest Yukon does not begin until early June, this is unlikely to be a direct response
to spring temperature, but rather to the influence spring temperatures have on snow depth and,
subsequently, the quantity of meltwater delivered to soils. This is supported by strong positive
correlations between ring widths and end-of-March snow depths after 1976. Prior to 1976, spring soil
moisture was likely not a limiting factor, as winter and spring temperatures were lower and winter
precipitation was higher (Appendix H). Similarly, Ohse et al. (2012) found that the ring widths of
Alaskan white spruce growing in areas with deep snowpacks (areas with high shrub cover) increased
rapidly after 1976, while those in areas with shallow snowpacks did not. However, growth at treeline can
also be impeded by long-lasting snowpacks that delay the start of the growing season (Villalba et al.
1997). Winter precipitation is expected to increase by five to eight percent (13 to 22 mm) by 2100 in the
boreal cordillera, but given the low annual precipitation in the Kluane Region and the fact that daily
maximum temperatures in winter and spring are expected to rise another two to four degrees over the
same time period (Price et al. 2011), we suspect spring meltwater will continue to limit tree growth at
treeline in this region.
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3.6 Conclusion
Growth of white spruce has become increasingly asynchronous across treelines in the Kluane
Region in the past few decades, particularly between mountain ranges. Since summer temperatures were
rising throughout this time period, our results suggest that ring widths will not increase in synchrony with
climate warming. Instead, diminishing snowpacks associated with rising winter and spring temperatures
could cause a spring soil moisture deficit that slows growth at treeline, even if summer air temperature
and precipitation continue to rise. A spring soil moisture deficit would likely affect trees growing in a
range of topographic contexts, but particularly those in locations that are predisposed to thin snowpacks,
such as areas without any tall shrubs to trap blowing snow, or on steep slopes subject to rapid spring
runoff, like those in the Kluane Ranges. We hypothesized that treeline trees on north-facing slopes would
stand to benefit most from the effects of climate change, but our results suggest that long-term increases
in productivity might instead be restricted to locations where snow tends to accumulate and spring
meltwater retention in soils is high.
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Chapter 4
Topographic influences on ring widths of trees and shrubs across alpine
treelines in southwest Yukon
4.1 Abstract
The productivity of woody species in northern regions has been increasing in response to climate
warming in recent decades. Some of the greatest change has been observed across forest-tundra ecotones,
but the growth response of trees to recent warming has varied from site to site, and secondary growth of
shrubs remains understudied despite their substantial contribution to recent productivity trends. To
determine how and why the secondary growth (ring widths) of trees and shrubs varies at landscape scales,
and how growth compares between species, we collected cores and cross-sections from approximately
360 white spruce (Picea glauca) trees and 480 willow (Salix glauca) shrubs across alpine forest-tundra
ecotones on north and south-facing slopes in six alpine valleys spanning two mountain ranges of
southwest Yukon. We compared raw ring widths, interseries correlations, ring width patterns, and
climate-growth responses between species and topographic factors. South-facing slopes had wider tree
rings, and higher tree and shrub interseries correlations than north-facing slopes, likely due to shallow
active layers and colder rooting zones on the latter. Growth patterns and responses to climate did not vary
with aspect or elevation, but differed slightly between species and somewhat between mountain ranges,
likely due to differences in spring soil moisture content between ranges. In general, ring widths of both
species were positively correlated to summer temperature, but tree ring widths were negatively correlated
to spring temperature and shrub ring widths were negatively correlated to current summer precipitation,
both of which are projected to increase along with summer temperature. Future changes in climate could
therefore reduce growth of one or both species in southwest Yukon. Given the differences in ring width
characteristics between topographic factors, it is unlikely that the growth of woody species at treeline will
increase in synchrony with climate warming.
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4.2 Introduction
Satellite imagery has revealed that many regions in the circumpolar north have experienced an
increase in plant productivity in recent decades, much of which has been attributed to changes in the
abundance and growth of woody vegetation (Goetz et al. 2005; Jia et al. 2009; Frost et al. 2014). Future
change is expected to be particularly pronounced near treeline, where forest transitions into tundra (Grace
et al. 2002). Using a combination of dendroecology, repeat photography, and repeat surveys, field studies
have confirmed that tall deciduous shrubs and trees are already advancing into what was previously dwarf
shrub or tussock tundra, likely in response to rising air temperatures associated with climate change
(Sturm et al. 2001; Tape et al. 2006; Harsch et al. 2009; Bhatt et al. 2010; Forbes et al. 2010; Naito and
Cairns 2011; Tremblay et al. 2012). Simultaneously, dendrochronology has revealed positive
relationships between annual ring widths and rising air temperatures, especially near the elevational or
latitudinal range limits of the study species (Salzer et al. 2009; Forbes et al. 2010; Blok et al. 2011; Buras
et al. 2012; Macias-Fauria et al. 2012; Buchwal et al. 2013; Jørgensen et al. 2015).
These changes have the potential to alter the composition of tundra plant communities and initiate
a positive feedback loop between rising air temperatures and increasing woody plant abundance by
reducing tundra surface albedo (Chapin et al. 2005; Greenwood and Jump 2014). However, rates of
change in the distribution and productivity of trees and shrubs often exhibit substantial spatial variability,
particularly in topographically complex regions (Danby and Hik 2007a; Leonelli et al. 2009; Ropars and
Boudreau 2012; Young et al. 2015). A global meta-analysis revealed that only half of all treelines
worldwide have advanced within the last century in spite of nearly ubiquitous warming (Harsch et al.
2009), and several studies have found evidence that the ring widths of trees growing at treeline are
becoming increasingly decoupled from growing season air temperatures (D’Arrigo et al. 2008). These
results suggest that future increases in woody plant productivity will be contingent upon variables other
than air temperature, even at the northern or elevational limits of tree and shrub distributions.
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Tall deciduous shrubs have the potential to contribute substantially to northern vegetation change,
since they respond rapidly to ambient and experimental warming (Chapin et al. 1995; Hobbie and Chapin
1998; Walker et al. 2006). However, most studies on shrub growth have measured primary growth over
time periods of less than 20 years (e.g. Bret-Harte et al. 2002; Kaarlejärvi et al. 2012). Measuring
secondary growth (annual ring widths) of shrubs over longer time periods can provide a more
comprehensive record of growth responses to changing climatic conditions, but the study of shrub rings is
an underdeveloped field, having only gained momentum in the last decade or so. This is due in large part
to the difficulties associated with measuring shrub secondary growth. Rings are often extremely narrow or
difficult to identify, and stems frequently contain missing rings and highly irregular growth patterns
(Zalatan and Gajewski 2006; Schmidt et al. 2010). For these reasons, conventional dendrochronological
techniques are currently being adapted to the study of shrub rings (Myers-Smith et al. 2014). Although
there is a growing body of knowledge on shrub growth responses to climate across the circumpolar north
(recently summarized by Myers-Smith et al. 2015), the viability of many shrub species for ring width
analyses remains uncertain.
Comparisons between the ring width patterns and climate-growth responses of trees and shrubs
from the same habitat are rare (though see Meinardus et al. 2011; García-Cervigón Morales et al. 2012).
Several studies have compared the growth patterns and responses of two or more species of deciduous
shrub growing within the same site (Blok et al. 2011; Buras et al. 2012; Jørgensen et al. 2014) and
experimental studies have identified important competitive interactions between tree cover and shrub
growth (Boudreau and Villeneuve-Simard 2012), or between tree seedling growth and shrub cover near
treeline (Grau et al. 2012). However, direct longer-term comparisons between mature tree and shrub
secondary growth patterns at treeline are uncommon, and could indicate whether one is likely to benefit
more from climate warming than the other.
Given the high deciduous shrub cover across forest-tundra ecotones in southwest Yukon, Canada,
particularly on south-facing slopes, we broadly aimed to compare tree and shrub growth at treeline. We
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also sought to describe and explain variation in the growth of both species across different topographic
features so that predictions of northern ecosystem productivity change can be improved for alpine
regions. Our questions were: 1. Is the dominant deciduous shrub species in the forest-tundra ecotone
viable for dendroclimatological analysis? 2. How do growth patterns and growth responses to climate
compare between the dominant tree and shrub species in the forest-tundra ecotone? 3. How do growth
rates, patterns, and responses to climate of the two species vary between elevation, aspect, and mountain
range?

4.3 Methods
4.3.1 Site description
The Kluane Region of southwest Yukon contains several different mountain ranges within close
proximity. The Ruby Range to the east of Kluane Lake is characterized by rolling topography with slope
angles often below 20º at treeline, while slopes in the Kluane Ranges to the west of the Lake are rugged
and steep in comparison, with angles often greater than 30º (Figure 4-1; Appendix A). The dominant tree
species comprising the forest-tundra ecotone in this region is Picea glauca ((Moench) Voss), although
Populus balsamifera (L.) and Populus tremuloides (Michx.) can occur locally in patches alongside stands
of P. glauca on south-facing slopes. The dominant tall shrub species comprising the forest-tundra
ecotone is Salix glauca (L.), which occurs in particularly high abundance on south-facing slopes, often
forming dense thickets and frequently growing well over a meter in height. Other common tall shrub
species occupying the ecotone include Alnus crispa (Drylander ex Ait.), Salix pulchra (Cham.), Salix
richardsonii (Hook.), and Betula glandulosa (Michx.). Treeline, the upper limit of two meter tall trees,
generally occurs at 1300 m a.s.l., Forest line, the limit of 30% canopy cover, occurs approximately 100 m
below treeline, and krummholz line, the upper limit of tree forming species regardless of growth form,
occurs up to 200 m above treeline.
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Figure 4-1: Map of the Kluane Region with locations of each of the six sampling sites marked with
black circles and the location of the Burwash Landing weather station marked with a black star.
Contour interval is 300 m.

4.3.2 Sampling
We obtained increment cores from 15 P. glauca trees at treeline and another 15 at forest line on a
north and a south-facing slope in six alpine valleys; three in the Ruby Range [Printer’s Pass (PP), Clear
Creek (CC), and Fourth of July Creek (FJ)], and three in the Kluane Ranges [Bock’s Creek (BC),
Burwash Creek (BW), and Quill Creek (QC)] (Figure 4-1). In the same six valleys, we sampled 20 S.
glauca shrubs at krummholz line, and another 20 at treeline on each aspect (Figure 4-2). We staggered
our sampling elevations such that we could compare the growth of each species at or near their range
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limits (treeline for trees, krummholz line for shrubs), with the growth of individuals at lower elevations
within the ecotone (forest line for trees, treeline for shrubs). We selected ostensibly old, representative
trees and shrubs to extend each chronology as far back in time as possible and to ensure the growth
patterns of sampled individuals were not being influenced by local disturbances or abnormal site
conditions (e.g. we avoided trees growing next to large stumps or shrubs growing in creek channels).
Two cores were obtained from each tree at breast height (1.3 m), although cores at treeline were often
obtained closer to the ground to maximize series length (as low as 60 cm) (Oberhuber 2004). Cores were
taken perpendicular to the slope to minimize compression wood (Peterson and Peterson 1994; Leonelli et
al. 2009). A single 10 cm long stem section was obtained from the dominant upright stem of each shrub
within 10 to 30 cm of the base of the stem. Care was taken to ensure each shrub we sampled was a
unique individual (i.e. not a clonal stem from a previously sampled shrub).

Figure 4-2: Schematic diagram illustrating sampling locations at each of the six sites shown in
Figure 4-1. Note that there were four sampling locations for each species at each site (two aspects x
two elevations), resulting in four chronologies of each species at each site

4.3.3 Laboratory work
We dried, mounted, sanded, and visually cross-dated P. glauca tree cores using standard
dendrochronological techniques (Speer 2010). We cut thin sections of S. glauca shrub stems using a
Leica sliding microtome (Model SM2010R) after soaking them in water for 24 hours, and then wet51

mounted them onto glass microscope slides to facilitate the identification of ring boundaries using
transmitted light (Myers-Smith et al. 2014). Ring widths of both species were measured to the nearest
0.001mm using a Velmex sliding measurement stage under an Olympus stereo microscope (Model SZ61,
up to 45x magnification). On each shrub section, we measured two to three paths at 90o angles from one
another to ensure sufficient representation of ring width patterns.
We statistically verified cross-dating of both species using the program COFECHA (Holmes
1983; Grissino-Mayer 2001) with default settings (32-year spline and 50-year segments with 25-year
overlap). In the interest of reducing noise in the chronologies due to anomalous series, we removed all
tree and shrub series with low correlations to the master chronology (< 0.4) (similar to Leonelli et al.
2009; Chavardès et al. 2013). Since shrub series tended to have lower correlations to master chronologies
than tree series, we permitted shrub series with correlations as low as 0.3 to be retained in the
chronologies as long as we were convinced they were dated correctly. We also removed the first two
years of growth from each tree and shrub series due to their frequently anomalous values.

4.3.4 Chronology development
We used the interactive detrending option available in ARSTAN (Cook and Holmes 1986) to
visually determine the best method of detrending and standardization for each individual ring width
series. We used negative exponential curves, negative linear curves, or straight lines through the mean,
while being careful not to use a curve that exaggerated growth near the end of a series (Cook and Peters
1997). We combined detrended series into chronologies using the robust (biweight) mean option in
ARSTAN, then constructed a chronology at each elevation (high and low) on each aspect (north and
south) at each of our six sites, and truncated the chronologies such that there were at least three individual
trees or two individual shrubs making up each chronology (as in Leonelli et al. 2009; Jørgensen et al.
2015). For each species, this resulted in a total of three replicate chronologies for every combination of
topographic factors (elevation, aspect, and mountain range). Since shrub series were often too short to
adequately assess low-frequency growth patterns (patterns that occur over decadal time scales), we used
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only “residual” chronologies in our analyses, which are made up of series that have had all temporal
autocorrelation removed and reflect only high frequency (year-to-year) ring width patterns (Speer 2010).

4.3.5 Data analysis
We extracted several descriptive statistics for each tree and shrub chronology in ARSTAN to
describe growth characteristics of trees and shrubs in different topographic positions. These included the
mean raw ring width of each series, the mean correlation of residual series to the master chronology as a
measure of synchrony between series in a chronology, and the running expressed population signal (EPS)
of each chronology (10-year segments with 5-year overlap), which is based on sample depth and
interseries correlation and is frequently used to asses whether a chronology is suitable for climate
reconstruction (Wigley et al. 1984). We also extracted the mean sensitivity of residual series in each
chronology, which is a measure of year-to-year variability in ring widths and has historically been used in
dendrochronology to assess a chronology’s responsiveness to climate (Fritts 1976; Bunn et al. 2013).
Statistics were calculated using the full length of each residual tree or shrub series because we
wished to characterize growth traits over the lifetime of each individual. We tested for significant
differences in raw ring widths and correlations to master chronologies between individual trees and
shrubs on different aspects and at different elevations (fixed factors) using two-way analysis of variance
(ANOVA) in SPSS v.21 with site as a random factor to account for any within-site similarities in growth
characteristics. Note that we combined series from the same individual tree or shrub by averaging them
together prior to running these tests, as series from the same individual are not independent of one
another. Finally, we ran linear regressions between the mean sensitivity and mean elevation of tree and
shrub chronologies, as the growth of individuals at higher elevations should theoretically be more
sensitive to climate (particularly temperature) than the growth of individuals at lower elevations.
To compare ring width patterns between species and topographic positions, we calculated
Pearson’s correlation coefficients between all possible pairs of residual chronologies for a common time
period shared by all chronologies (1985-2012). To examine the relationship between ring widths and
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climate over this time period, we calculated correlation coefficients between each chronology and
seasonal temperature and precipitation values obtained from the Burwash Landing Environment Canada
weather station (61º22’ N, 139º03’ W, 806.2 m a.s.l.), which is within 45 km of all study sites. We used
95% confidence intervals generated with 1000 bootstrapped simulations to test for significant climategrowth relationships. Seasonal winter temperature was defined as the average of December, January, and
February, spring as the average of March, April, and May, summer as the average of June, July, and
August, and fall as the average of September, October, and November. We used the same seasonal
definitions for precipitation, but with summed monthly values rather than averaged values.

4.4 Results
4.4.1 Viability of Salix glauca for dendrochronology
We encountered several difficulties in analyzing S. glauca shrub ring widths, but were ultimately
successful in creating chronologies. There were occasionally sections of stems containing multiple
extremely narrow or missing rings that made crossdating impossible, forcing us to discard an average of
five out of the 20 stems we sampled at a given location. We also encountered several series from each
sampling location that appeared to be dated correctly, but had very low correlations to the master
chronology (r < 0.3). These series were removed from the final chronologies to maximize a common
signal. Finally, shrub series were sometimes short in length (less than 25 years), particularly on northfacing slopes at treeline, making crossdating difficult and limiting the time period over which we could
assess growth characteristics and climate-growth relationships.
In spite of these challenges, we found that S. glauca shrubs on south-facing slopes were viable for
dendroclimatological analysis, as EPS values between 1985 and 2012 usually exceeded the critical
threshold of 0.85 recommended by Wigley et al. (1984) (Figure 4-3). South-facing krummholz line
chronologies had particularly high EPS values that were consistently above 0.85 and comparable to those
of tree chronologies (tree EPS values not shown). In contrast, north-facing S. glauca chronologies
frequently had EPS values below 0.85, particularly at treeline.
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Figure 4-3: Running expressed population signal (EPS) of Salix glauca shrub chronologies at each
of the six sites, with each panel representing a different topographic position, and each line within a
panel representing a different site. The black horizontal line indicates the threshold value of 0.85
recommended by Wigley et al. (1984) for climate reconstructions

4.4.2 Growth characteristics (over entire length of each series)
The results of two-way ANOVAs revealed that tree rings were significantly wider on southfacing compared to north-facing slopes (F = 31.818, p = 0.002), while shrub ring widths were not
significantly different between aspects (F = 2.957, p = 0.146). Tree rings were also significantly wider at
lower elevations (forest line compared to treeline, F = 12.155, p = 0.018), while shrub rings were actually
wider at higher elevations, though not significantly (krummholz line compared to treeline, F = 5.050, p =
0.074) (Figure 4-4). There was no significant interaction between aspect and elevation for either species.
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Figure 4-4: Mean raw ring widths of tree (left) and shrub (right) series at each of the six sites with
shades of grey representing different topographic positions. The order of sites from left to right
within each topographic group is BC, BW, QC, CC, FJ, PP. Note the different y-axis scales for
trees and shrubs. Error bars represent standard deviations.

Ring width patterns of trees and shrubs were more synchronous on south-facing than north-facing
slopes, as indicated by significantly higher mean correlations of residual series to master chronologies on
south aspects (F = 61.494, p = 0.001 for trees; F = 64.610, p < 0.001 for shrubs) (Figure 4-5). Tree and
shrub correlations to master chronologies were not significantly different between elevations (F = 2.671,
p = 0.163 for trees; F = 2.464, p = 0.176 for shrubs). However, there was a significant interaction
between aspect and elevation with respect to tree correlations, since they decreased with elevation on
north-facing slopes, but not on south-facing slopes (F = 17.374, p = 0.009). Linear regression revealed no
relationship between mean sensitivities and elevations of tree and shrub chronologies (p = 0.612 and
0.449, respectively) (Figure 4-6). Shrub chronologies had considerably higher sensitivity values than tree
chronologies.

56

Figure 4-5: Mean correlation of standardized tree (left) and shrub (right) series to the master
chronology at each of the six sites with shades of grey representing different topographic positions.
The order of sites from left to right within each topographic group is BC, BW, QC, CC, FJ, PP.
Error bars represent standard deviations

Figure 4-6: Mean sensitivity of residual tree (grey triangles) and shrub (black circles) series within
each chronology as a function of the mean elevation of series in that chronology

4.4.3 Growth patterns (1985-2012)
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Tree chronologies were positively correlated to one another across all elevations, aspects, and
mountain ranges between 1985 and 2012 (mean correlation coefficient of r = 0.61 ± 0.16). On average,
correlations were particularly strong between pairs of chronologies within a mountain range (mean r =
0.70 ± 0.12 in the Kluane Ranges and 0.71 ± 0.10 in the Ruby Range) and remained strong between
opposing aspects within each range (mean r = 0.66 ± 0.11 in the Kluane Ranges and 0.67 ± 0.09 in the
Ruby Range). Correlations were weaker between chronologies in different mountain ranges (mean r =
0.53 ± 0.15). See Appendices I and J for tree residual chronologies and associated chronology statistics.
Correlations between shrub chronologies over the same time period were weaker overall than
correlations between tree chronologies (mean r = 0.40 ± 0.20) and were occasionally negative (as low as 0.14). Similar to tree chronologies, correlations were particularly weak between shrub chronologies in
different mountain ranges (mean r = 0.34 ± 0.2) compared to those in the same range (mean r = 0.45 ±
0.17 in the Kluane Ranges and 0.46 ± 0.17 in the Ruby Range), and remained relatively strong between
chronologies from different aspects within a range (mean r = 0.42 ± 0.16 in the Kluane Ranges and 0.46 ±
0.19 in the Ruby Range). See Appendices K and L for shrub residual chronologies and associated
chronology statistics.
Apart from a few exceptions at one site (4th of July Creek (FJ)), shrub chronologies were
positively correlated to tree chronologies within each site, though the strengths of these correlations
varied between sites, and between topographic positions within each site (Figure 4-7). In general, southfacing shrub chronologies had marginally stronger correlations to tree chronologies than north-facing
shrub chronologies and shrubs at krummholz line had stronger correlations to tree chronologies than
shrubs at treeline. South-facing krummholz line shrub chronologies had the strongest correlations to tree
chronologies at most sites, though south-facing treeline shrubs had the strongest correlations to tree
chronologies at Bock’s Creek (BC) and Burwash Creek (BW). Correlations between shrub and tree
chronologies were generally weaker at sites in the Ruby Range than in the Kluane Ranges.

58

Figure 4-7: Mean correlations between each of the four residual shrub chronologies obtained from
each site (along the x-axes) and the four residual tree chronologies from the same site for the
common period 1985-2012 (i.e. each bar is a mean of four correlation coefficients). The three
Kluane Range sites are shown along the top row, while the three Ruby Range sites are along the
bottom row. Error bars represent standard deviations

4.4.4 Climate-growth relationships (1985-2012)
Growth responses of the two species to climate between 1985 and 2012 were similar overall,
though there were some notable differences. Trees generally responded negatively to previous summer
and spring temperatures, and positively to current summer temperatures. Shrubs responded similarly to
temperature in these seasons, although many shrub chronologies in the Ruby Range had much weaker
correlations to previous summer and spring temperatures than those in the Kluane Ranges (Figure 4-8).
Temperature-growth responses differed most between species in winter, when trees responded weakly
and negatively to temperature, while shrubs generally responded positively.

59

Figure 4-8: Correlations between residual tree and shrub chronologies and seasonal temperature
from 1985-2012, shown separately for each mountain range (Kluane Ranges on top, Ruby Range on
bottom). Asterisks indicate significant correlations at the p < 0.05 level (according to bootstrapped
confidence intervals) and shades of grey represent different topographic positions

In general, tree ring widths were positively correlated to previous summer precipitation and
negatively correlated to current summer precipitation, though these correlations were weak and usually
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insignificant. Shrubs exhibited similar precipitation-growth responses, although Ruby Range shrubs did
not respond to previous summer precipitation at all, while Kluane Range shrubs responded strongly and
positively. Negative shrub growth responses to current summer precipitation in both ranges were also
notably stronger than tree growth responses (Figure 4-9).
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Figure 4-9: Tree and shrub ring width correlations to seasonal precipitation from 1985-2012, shown
separately for each mountain range (Kluane Ranges on top, Ruby Ranges on bottom). Asterisks
indicate significant correlations at the p < 0.05 level (based on bootstrapped confidence intervals)
and shades of grey represent different topographic positions
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4.5 Discussion
In general, the growth rates and patterns of woody species occupying the forest-tundra ecotone
were influenced by topographic factors, but their degree of influence varied depending on the growth
characteristic and species under consideration. Elevation influenced the raw ring widths of trees
occupying the forest-tundra ecotone, but not the raw ring widths of shrubs, nor the interseries correlations
of either species. Slope aspect influenced raw tree ring widths as well as tree and shrub interseries
correlations. In contrast, residual ring width patterns of trees and shrubs were similar between elevations
and aspects, but differed between mountain ranges.
Raw ring widths of white spruce trees were 24% wider at forest line than treeline. This is
undoubtedly due to the reduction in average growing season temperature of over half a degree from forest
line to treeline elevations at our sites (air temperature data obtained from HOBO loggers installed at
Printer’s Pass between 2013 and 2015). In contrast, S. glauca rings were 14% wider at high elevations
(krummholz line compared to treeline), though the difference was not significant. This was not an artifact
of decreasing shrub age or density with elevation, since shrub series lengths were similar at krummholz
line and treeline, and shrub cover did not decline with elevation on north-facing slopes where the increase
in mean raw ring width with elevation was most pronounced. Instead, these results suggest that shrub
growth rates are not limited by air temperature to the extent that tree growth rates are, perhaps because
shrubs are closer to the ground and their growth is less coupled to prevailing atmospheric conditions and
influenced more by soil temperature and microtopography (Körner 2012). This is supported by the fact
that soil temperatures do not decline (in fact, they occasionally increase) between treeline and krummholz
line in this region (Chapter 2: Dearborn and Danby 2017).
Tree rings were 49% wider on south-facing than north-facing slopes, while shrub ring widths did
not vary significantly with aspect. Aspect-related differences in raw tree ring widths can be attributed to
the significantly shallower active layers (often less than 50 cm) and colder soil temperatures on northfacing slopes (Chapter 2: Dearborn and Danby 2017), which likely restrict tree growth even when air
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temperatures are favourable. It is unclear why cold soil temperatures do not restrict shrub growth to the
same extent, though perhaps shrub rooting depths are shallower, and therefore less influenced by active
layer depth. Significantly higher correlations of both species to master chronologies on south- compared
to north-facing slopes suggest that growth patterns on south aspects are highly governed by broad-scale
climatic patterns that influence the growth of all individuals on the slope. In contrast, the low interseries
correlations of trees and shrubs on north-facing slopes suggest that growth patterns are influenced more
by microsite conditions. Specifically, there is considerably higher variability in soil moisture content
from one location to the next on north aspects due to the hummocky microtopography associated with
shallow active layers (Chapter 2: Dearborn and Danby 2017). Wolken et al. (2016) found similarly low
synchrony in black spruce growth patterns near valley bottoms in Alaska, where frost heaving of shallow
active layers created substantial fine-scale variability in soil moisture content.
Interseries correlations of shrub chronologies were often lower than those of tree chronologies.
There is a possibility that herbivory or disease are more prevalent amongst shrub populations than tree
populations, and disrupt the common signal between individual shrub ring width patterns, but we found
no evidence of this at any of our sites. Alternatively, our sampling strategy might have contributed to low
shrub interseries correlations. Ropars et al. (2017) found that series obtained from the stems of Betula
glandulosa exhibited far weaker responses to climatic variables than those obtained from root collars in
northwestern Quebec. They postulated that the rings in shrub stems primarily reflect the influences of
microtopography and competition with other shrubs, or other stems from the same shrub, whereas rings in
root collars incorporate all of the factors influencing growth, including climatic factors. We found that
the ring widths in stems of S. glauca were highly correlated to certain climate variables, but perhaps these
correlations, as well as the interseries correlations of shrub chronologies, would have improved had we
sampled shrubs at root collar.
The lack of any relationship between sensitivity and elevation was unexpected given the strong
increase in tree ring sensitivity with elevation over similar elevational ranges across treelines in Europe
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and South America (Villalba et al. 1997; Oberhuber 2004; Leonelli et al. 2009). At certain sites (PP), we
did observe an increase in tree ring sensitivity with elevation, but at others (FJ) we observed no
relationship at all (individual sites not shown). In addition, we found that younger trees tended to have
higher sensitivities than older trees, and that shrubs, which were far younger than trees, had substantially
higher sensitivities than trees. Mamet and Kershaw (2013) found a similar inverse relationship between
sensitivities and chronology lengths of white spruce near treeline in Churchill, Manitoba. Although
sensitivity is regularly used in dendrochronology, it is strongly derivative of other descriptive statistics
and is not necessarily a straightforward indicator of sensitivity to climate (Strackee and Jansma 1992;
Bunn et al. 2013). We suspect that the range of conditions over which we sampled, combined with the
range of tree and shrub ages at each sampling location, confounded any overall relationship between
elevation and sensitivity.
In spite of differences in raw ring widths and interseries correlations between north and southfacing slopes, the growth patterns of residual tree and shrub chronologies were remarkably similar
between aspects. Instead, growth patterns of both species differed between mountain ranges. These
results were unexpected given the close proximity of the two ranges (20-70 km between sites in different
ranges) and the substantial aspect-related differences in tree and shrub growth patterns that have been
observed in other topographically complex regions (Leonelli et al. 2009; Young et al. 2016). Rangerelated differences in growth patterns of spruce at these sites have become particularly pronounced in the
last several decades and are likely related to variation in early growing season soil moisture content
between the two ranges (Chapter 3). It is likely that shrub growth patterns are similarly influenced by
variation in spring soil moisture. This is supported by the stark differences in Kluane and Ruby Range
shrub responses to previous summer precipitation. Shrubs in the steeper Kluane Ranges exhibited
positive responses to previous summer precipitation, while shrubs in the Ruby Range showed no
response, likely because shallower slopes in the Ruby Range retain soil moisture from the previous
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growing season more effectively, and thus shrub growth in this range is not as limited by spring soil
moisture.
We found predominantly positive correlations between tree and shrub growth patterns at our sites,
indicating that they are responding similarly to climate near treeline in southwest Yukon. Although there
are few comparable studies, similar positive correlations between birch tree and shrub chronologies were
observed at treelines in southern Norway (Meinardus et al. 2011). Competition between mature trees and
shrubs growing immediately adjacent to each other would theoretically result in negative correlations
between their ring width patterns, but since we only sampled open-growing individuals, we were unable
to assess the degree to which this occurs. Previous work has shown that shrubs readily outcompete spruce
seedlings in this region when shrub cover is high (Kambo 2017), and we suspect that a shift towards more
favourable climatic conditions could eventually lead to stronger competitive interactions between adult
trees and shrubs, particularly if the densities of either increase. These competitive interactions would
likely be most prominent on south-facing slopes, where S. glauca cover is already high (Chapter 2:
Dearborn and Danby 2017) and growth rates of both species are high. Additionally, tall deciduous shrubs
tend to respond rapidly to experimental warming (Chapin et al. 1995; Wahren et al. 2005; Walker et al.
2006), can readily reproduce clonally (Bret-Harte et al. 2002), and tend to possess the competitive
advantage over gymnosperms at the seedling stage in favourable environments (Bond 1989; Becker
2000). It is therefore possible S. glauca will outcompete adult P. glauca in addition to P. glauca
seedlings on south-facing slopes if growing conditions improve under climate change.
We found positive correlations between summer temperature and ring widths of both species.
Similar results have been found at many northern locations worldwide (Forbes et al. 2010; Blok et al.
2011; Buras et al. 2012; Macias-Fauria et al. 2012), but in the Kluane Region positive relationships to
summer temperature were weak compared to negative relationships with spring temperature. Jørgensen et
al. (2015) and Young et al. (2016) found similarly strong negative responses to spring temperatures in
populations of Alnus crispa and S. glauca in west Greenland, and proposed that the negative influence of
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warming springs on snow depth was resulting in a spring meltwater shortage. These findings support our
earlier supposition that spring soil moisture is an important limiting factor for growth, and is likely
responsible for the range-related differences we observed in the growth patterns of both species.
Negative responses to summer precipitation amongst both P. glauca and S. glauca chronologies
suggest that neither species is suffering from temperature-induced drought stress in the summer. This
result was unexpected, as evidence for temperature-induced drought stress is widespread amongst P.
glauca populations in northwestern North America (D’Arrigo et al. 2008). Evidence for summer drought
stress is less commonly observed in northern shrub populations though. Young et al. (2016) found that
positive correlations between S. glauca ring widths and summer temperatures were actually stronger at
their dry sites than their more mesic sites, and a meta-analysis of shrub climate-growth responses across
the circumpolar north revealed mainly negative relationships between shrub growth and summer
precipitation (Myers-Smith et al. 2015), similar to our results. The fact that many northern shrub
populations are not suffering from temperature-induced drought stress may be because the majority of
growth occurs early in the season and is therefore more dependent on spring than summer soil moisture
content (Young et al. 2016).
Although tree and shrub growth responses to climate were broadly similar, there were notable
differences that could have implications for future growth of these species. The reduced growth in
response to warmer spring temperatures was considerably stronger in trees than in shrubs, and tree growth
responses to winter temperature were generally negative, while the shrub growth responses were usually
positive. Winter and spring maximum temperatures are projected to increase by 2.4 to 4.1 and 1.7 to 2.7
ºC, respectively, by 2100 (Price et al. 2011). These changes are more likely to slow the growth of trees
than shrubs, since negative shrub growth responses to spring temperature were weak, and responses to
winter temperature were weakly positive. However, summer precipitation is also projected to increase by
12 to 26 mm (4 to 9 %) over the same time period (Price et al. 2011). As negative correlations between
shrub rings and current summer precipitation were considerably stronger than they were for trees, it
67

remains unclear whether one species will respond more or less favourably to future changes in climate
than the other.
In summary, future rates of change in woody plant growth will vary depending on topographic
context, and on the species under consideration. Growth responses of P. glauca and S. glauca to future
changes in climate will likely be rapid and synchronous on south-facing slopes, but slower and more
variable on north-facing slopes due to the influence of cold soil temperatures and shallow active layers.
Trees and shrubs in the Ruby Range may have an advantage over those in the Kluane Ranges because of
the stronger potential for early season drought stress to affect individuals growing on steeper slopes.
Finally, in spite of weakly positive relationships between summer temperature and ring widths of both
species, climate warming will not necessarily result in a net increase in growth. Warm springs and wet
summers are reducing the ring widths of trees and shrubs at present, and both variables are projected to
increase along with summer temperatures over the next century. Based on our results, there is the
potential that future changes in climate could actually reduce growth of one or both species in southwest
Yukon.
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Chapter 5
Spatial patterns of subarctic alpine treelines vary with topography:
implications for understanding functional mechanisms and future dynamics
5.1 Abstract
Advancing treelines could alter the structure and composition of alpine tundra communities, but
rates of advance often vary at fine spatial scales, suggesting factors other than air temperature can
influence treeline dynamics. We quantified the form and tree point patterns of forest-tundra ecotones
across different elevations, slope aspects, and slope angles in southwest Yukon in order to infer
differences in the factors governing treeline positions and, by extension, the factors that may influence
future dynamics. Using two unclassified QuickBird satellite images covering portions of each of two
mountain ranges, we mapped tree stem positions and calculated point pattern statistics in plots covering a
range of topographic settings. To validate these results, we also collected stem coordinates on the ground
in plots located within the spatial extents of each scene. After classifying the imagery into tree, tall shrub,
and other (shorter) vegetation categories, we used tree class metrics to quantify the degree of treeline
diffuseness or abruptness in different topographic settings. Overall, most tree point patterns were random,
though we found evidence of clustering between stems in one mountain range, likely because it is
exposed to stronger winter winds. We also found that north-facing treelines were substantially more
diffuse than south-facing treelines, likely because the abundance of tall shrubs on south aspects inhibits
tree seedling establishment. This suggests that the variables governing treeline dynamics differ between
mountain ranges as well as slope aspects, and that it is important to consider these differences when
predicting future dynamics.

5.2 Introduction
At coarse spatial and temporal scales, growing season temperature governs treeline position and
limits the growth of trees at treelines worldwide (Grace et al. 2002; Körner and Paulsen 2004). As a
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result, treelines are widely expected to respond to warming air temperatures by advancing upward or
poleward, undergoing an increase in tree density, and experiencing an increase in the growth of existing
trees (Macdonald et al. 1998). These changes would have substantial ecological consequences for tundradwelling plant and animal species, and could initiate a positive feedback loop with climate warming by
lowering surface albedo (Chapin et al. 2005; Greenwood and Jump 2014). However, contemporary
treeline dynamics have been highly variable from one location to the next over the past century in spite of
nearly ubiquitous warming (Harsch et al. 2009). This is particularly true in regions with complex
topography, suggesting that factors other than air temperature will be important in shaping treeline
responses to warming at landscape-scales (Danby and Hik 2007a; Dial et al. 2007; Elliott and Kipfmueller
2010). These could include biotic factors such as interactions with shrubs and other trees (Grau et al.
2012; Stueve et al. 2011; Wang et al. 2016), or abiotic factors such as soil moisture (Daniels and Veblen
2004; Elliott and Cowell 2015). The importance of these factors has been shown to vary considerably
with topography in mountainous regions (Holtmeier and Broll 2005).
The spatial distribution and sizes of trees and tree patches can provide insight into the relative
influence of these non-climatic factors. For instance, Timoney et al. (1993) hypothesized that latitudinal
treelines exhibiting a sigmoid wave pattern (gradual change in tree cover near ecotone edges and rapid
change near the centre of the ecotone) were governed by broad-scale gradients in climatic conditions,
while non-sigmoidal patterns were more likely governed by environmental variables not correlated with
climate, such as substrate. The former were therefore considered more likely to advance with rising air
temperatures (Timoney et al. 1993; Cairns and Waldron 2003). Similarly, Armand (1992) predicted that
gradual treeline ecotones would respond more rapidly to environmental change than abrupt ones. In a
global meta-analysis, Harsch et al. (2009) confirmed that the majority of gradual or “diffuse” treelines
(80%) had advanced upslope over the past century, while far fewer abrupt ones (22%) had. These
findings led Harsch and Bader (2011) to postulate that diffuse treelines are governed by a decline in air
temperature with elevation that eventually restricts the growth of adult trees, while abrupt and krummholz
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forms are governed by barriers to seedling establishment above treeline and extensive dieback,
respectively, and are therefore less likely to advance in synchrony with climate warming (Figure 5-1).
The treeline forms identified by Harsch and Bader (2011) are described in categorical terms and,
to the best of our knowledge, there are no studies that have explicitly attempted to quantify them.
However, a number of studies have used remotely-sensed imagery to correlate some component of
treeline pattern with environmental or topographic variables, and used those relationships to infer future
treeline dynamics. For example, Cairns and Waldron (2003) and Guo et al. (2014) used air photos and
classified Landsat imagery, respectively, to quantify rates of change in tree cover across alpine treelines
in a range of topographic settings. Cairns and Waldron (2003) found significantly more of Timoney et
al.’s (1993) sigmoid wave patterns on north-facing than south-facing slopes in Glacier National Park,
suggesting treelines on north aspects are more likely to advance.
Other studies have quantified the pattern of tree patches across treelines using landscape metrics
derived from classified remotely-sensed imagery (Allen and Walsh 1996; Bekker et al. 2009; Case and
Hale 2015). For example, Bekker et al. (2009) found that shorter, more compact ribbon forest patches at
treelines in the Rocky Mountains were more likely governed by snow drift dynamics than underlying
microtopography, and were therefore more likely to be influenced by future warming-induced declines in
snowpack depth (Bekker et al. 2009). These studies tend to use a binary vegetation classification (tree or
no tree) (Allen and Walsh 1996; Bekker et al. 2009; Guo et al. 2014; Case and Hale 2015), but satellite
imagery offers the possibility of quantifying the patterns of other vegetation types occupying the foresttundra ecotone as well. Field-based experiments have shown that the biotic interactions between trees and
tall shrubs near treeline can markedly influence seedling success (Grau et al. 2012; Kambo 2017).
Quantifying patterns of tall shrubs alongside those of trees could therefore help explain variation in
treeline form.
In addition to the overall pattern or form of the ecotone, the point patterns of individual stems
near treeline can provide insight into the biotic or abiotic factors governing treeline dynamics. Clustering
71

of individuals is indicative of facilitative interactions between members of the same species, which often
occurs in response to an environmental stressor (Wiegand and Moloney 2004) (Figure 5-1). Treelines
with strong clustering between stems are considered unlikely to advance upslope with rising air
temperatures, as there are few large trees above the treeline to facilitate the establishment of new
individuals (Bader et al. 2008; Elliott and Kipfmueller 2010). In contrast, regular spacing between
individuals indicates intraspecies competition for resources. This pattern is indicative of more favourable
environmental conditions and suggests that infilling near treeline is unlikely to occur in response to
warming temperatures, but that treeline advance is possible (Wang et al. 2016). Harsch and Bader (2011)
noted that competitive interactions typically occur in diffuse ecotones, while facilitative interactions tend
to occur in more abrupt ecotones, but this link between point patterns and ecotone form has not been
explicitly tested.
Several studies have mapped tree stems from the ground and quantified the degree of clustering
or dispersion between stems to better understand intraspecies interactions near treeline (Camarero et al.
2000; Humphries et al. 2007; Elliott and Kipfmueller 2010; Wang et al. 2016). For instance, Elliott and
Kipfmueller (2010) found more clustering between stems on south-facing than north-facing slopes in the
Rocky Mountains, suggesting moisture limitation on south aspects could slow treeline responses to
warming. However, these studies are limited in plot number and size due to the time-intensive nature of
mapping stem locations in the field. While a number of forestry studies have examined tree point patterns
using crown positions identified in LiDAR imagery or aerial photos (Uuttera et al. 1998; Lee and Lucas
2007; Packalen et al. 2013), we are unaware of any attempts to quantify tree point patterns at treeline
using satellite imagery, likely because the resolution of most widely available imagery is too coarse to
permit the identification of individual crowns. Given the substantial landscape-scale variability in treeline
responses to warming, the ability to quantify point patterns across large spatial extents using satellite
imagery would be valuable.
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Figure 5-1: Illustration of a spectrum of point patterns ranging from dispersed to clustered at the
scale of individual tree stems (top), and a spectrum of treeline ecotone forms ranging from diffuse
to abrupt at the scale of an entire forest-tundra ecotone (bottom). Hypotheses regarding the causes
of clustering and dispersion between stems, as well as the causes of different ecotone forms are
briefly described in bold next to each end of these spectrums

We quantified treeline form and tree point patterns across different topographic settings in the
mountains of southwest Yukon, Canada in order to infer differences in biotic and abiotic factors
governing current treeline patterns and, by extension, the factors that may influence future treeline
dynamics. Our research questions were:
1. How do point patterns derived from high-resolution satellite-based stem mapping compare to
those derived from field-based stem mapping?
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2. How and why do tree point patterns and treeline form vary between elevations, slope aspects,
and slope angles?
3. Can these patterns be used to infer mechanisms governing current treeline positions and future
dynamics?

5.3 Methods
5.3.1 Site description
The Kluane Region is generally cold and dry with a mean annual temperature of -3.6 ºC and total
annual precipitation of 290 mm, approximately half of which falls as snow (Environment and Climate
Change Canada). The region contains several topographically distinct mountain ranges in close proximity
to one another. The Kluane Ranges to the west of Kluane Lake, are rugged and steep with peaks as high
as 2100 m a.s.l., while the Ruby Range to the east of the lake has shallower slopes and lower peaks
(Scudder 1997). Treeline typically occurs at 1300 m a.s.l. and is composed primarily of white spruce
(Picea glauca), although there are occasional stands of aspen (Populus tremuloides) on south-facing
slopes. Several tall deciduous shrub species are frequently found near treeline, including Betula
glandulosa, Salix glauca, and Salix richardsonii on south-facing slopes, and Salix pulchra and Alnus
crispa on north-facing slopes (Chapter 2: Dearborn and Danby 2017). Tall shrubs are found in much
higher abundance on south- than north-facing slopes, though A. crispa can occur in dense strips along
small streams on north-facing slopes.
Based on our knowledge of the area, treeline forms in this region range from diffuse to somewhat
abrupt, but there are no treelines that would be categorized as “krummholz” or “island” types by Harsch
and Bader (2011). Based on ground plots, Harper et al. (2011) found that tree spatial patterns differed
markedly between aspects in southwest Yukon, but since plots were confined to a single alpine valley it is
unclear whether this holds true throughout the broader region. Furthermore, white spruce sometimes
undergoes clonal reproduction (layering) near treeline in this region (Danby and Hik 2007a), and appears
to do so more readily on south than north aspects based on field observations. While this is not strictly an
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example of clustering between individuals, since clonal clusters of stems are technically one large, multistemmed individual, it may be indicative of similar mechanisms governing treeline dynamics.

5.3.2 Imagery
We acquired two 8 x 8 km QuickBird scenes, one covering a portion of the Kluane Ranges (taken
September 12, 2003) and one covering a portion of the Ruby Range (taken July 31, 2007) (Figure 5-2).
The images have four 2.4 m resolution multispectral bands (blue, green, red, and near infrared) and a 0.6
m resolution panchromatic band. Although the images were taken over a decade ago, we are confident
that they are representative of present-day patterns, especially given the slow growth rates in the Yukon
(see Montesano et al. 2016). Treelines are present in a variety of topographic settings throughout the
Kluane scene, but the Ruby scene primarily covers areas above treeline with only a few valleys
containing treelines in the southern half of the image. We therefore cropped out the northern half of the
image (see Appendix M for true colour composites of each scene).
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Figure 5-2: Land cover map of the Kluane Region with inset showing location of the map area in
the Yukon and the extents of each of the QuickBird scenes marked by black outlines (land cover
classes derived from the CEC North American Land Cover Classification at http://cec.org/toolsand-resources/map-files/land-cover-2005)

The Kluane scene was spatially referenced by Danby (2007), resulting in a total root mean
squared error (RMSE) of 3.69 m for the multispectral bands. To georeference the Ruby scene, we
collected 12 ground control points with a Trimble GeoExplorer GNSS receiver, each of which contained a
minimum of 1000 positions. These points were differentially corrected with Pathfinder software using
data collected by a base station located at the Kluane Lake Research Station (within approximately 20 km
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of the Ruby scene; see Figure 1-2). We achieved horizontal accuracies of 0.50 m for over 90% of
recorded positions. Georeferencing the Ruby scene with these points using a second-order polynomial
resulted in a total RMSE of 1.44 m for the multispectral bands. To enhance our ability to identify
individual tree crowns in each scene, and to aid in a vegetation classification of the imagery, we
pansharpened the four multispectral bands in each scene using the principle components method in Idrisi
Taiga (Clark Labs). We also calculated the normalized difference vegetation index (NDVI) for each
scene using the red and near infrared bands.

5.3.3 Image classification
We classified each QuickBird scene into four categories: “spruce tree”, “tall shrub” (any
deciduous species >1 m in height), “other vegetation” (woody or herbaceous vegetation <1 m in height),
and “non-vegetated”. Danby (2007) previously generated a spruce tree class for the Kluane scene using
an unsupervised classification. To classify other vegetation types in the Kluane scene, and all vegetation
types in the Ruby scene, we used the pixel-based unsupervised ISODATA (iterative self-organizing data
analysis) classification method in Idrisi with the four 2.4-m multispectral bands and corresponding NDVI
as input layers. ISODATA assigns every pixel to a discrete class based on the compositional similarity or
dissimilarity of band brightness values between that pixel and every other pixel in the scene. As the
composition of brightness values was highly affected by topographic shading of the landscape, we used
the solar analyst extension in ArcGIS (Version 10.3) to derive an illumination layer from a 30-m digital
elevation model (DEM) (Environment Yukon) for the specific day each image was taken. We then split
each scene into areas of above and below average illumination and classified each area separately.
We began with 200 classes in both the high and low illumination areas in each scene. Using the
0.6 m resolution pansharpened true colour composite, in combination with our own knowledge of the
area, we then assigned each of these classes to one of the three vegetation categories, or to the nonvegetated category. The pansharpened composite was sufficient for assigning classes to the spruce tree
category, since spruce was easily distinguished from other vegetation types (Figure 5-3). However, it was
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not always possible to distinguish tall shrub cover from lower vegetation. We therefore used the Trimble
unit to collect 40 and 77 ground validation points in the Kluane and Ruby scenes, respectively,
approximately half of which were in tall shrub (>1 m) patches approximately three meters in radius, and
the other half in areas without tall shrubs. We used these points to supplement our use of the
pansharpened composite when we were assigning initial classes to the “tall shrub” category. Finally,
there were areas in each scene that were shaded or cloud-covered, and were therefore impossible to
classify. These areas were assigned to a fifth “unclassified” class.
Accuracy of the spruce class in the Kluane scene was high, with an overall kappa of 0.866
(Danby 2007). We assessed the accuracy of the spruce class in the Ruby scene by generating 249 random
points below 1400 m a.s.l. (areas above this were well above treeline and were therefore not relevant to
this study), and comparing the classified value at each point to the presence or absence of spruce in the
pansharpened composite. We found that the spruce class in the Ruby scene was similarly accurate, with
an overall kappa of 0.869. Since we incorporated multiple ground validation points spanning various
species in our tall shrub classification, we are confident the classification accuracy is sufficient for our
purposes.

5.3.4 Satellite-based stem mapping
To quantify tree point patterns, we mapped tree stem locations in virtual plots throughout each of
the two QuickBird scenes. As we aimed to compare point patterns in different topographic settings, we
first separated each scene into slope categories in ArcGIS using the 30 m DEM. Specifically, we divided
each scene into south-facing areas receiving high solar radiation (135-285º), and north-facing areas
receiving low radiation (315-360º and 0-105º), as well as areas with shallow slopes (10º < angles < 20º)
and areas with steep slopes (angles ≥ 20º) for a total of four slope categories (i.e. shallow north-facing,
shallow south-facing, steep north-facing and steep south-facing). We then placed equal numbers of
virtual plots measuring 50 m x 200 m in each of the four slope categories with the long edge
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perpendicular to the slope (40 in the Kluane Ranges scene and 16 in the Ruby Range scene) (Figure 53b).
The rectangular shape of these plots was designed to facilitate comparisons between point
patterns in lower and upper treeline areas within each slope category. We avoided areas with notable
disturbances (e.g. a hard rock mine), as well as major ravines and gullies, as they were not representative
of patterns across the broader landscape. We also ensured a distance of at least 100 m between plots to
avoid issues of spatial autocorrelation. Due to the presence of shadows in the Kluane scene, we were only
able to find five visible upper treeline locations and five visible lower treeline locations in the steep northfacing slope category, restricting our sample size to five 50 by 200 m plots for each combination of
topographic factors (aspect, angle, and elevation). Due to the limited number of valleys with treelines in
the Ruby scene, we were only able to fit two lower and two upper treeline plots per slope category.
We divided each of these plots into four 50 by 50 m segments to avoid disparities between local
tree densities and overall plot densities of trees, as this can cause point pattern statistics to erroneously
indicate a clustered pattern when patterns are actually random (Wiegand and Moloney 2004; Bagchi and
Illian 2015; Velázquez et al. 2016). As the spatial resolution of the multispectral bands was too coarse for
the identification of individual trees, we opted to manually digitize tree locations in each plot using
pansharpened true colour composites of each scene. Areas with tree densities lower than 80 trees per
hectare were avoided, as they did not have enough data points to accurately calculate point pattern
statistics. Areas with densities higher than 320 trees per hectare were similarly avoided, as they had too
many shadows to accurately identify individual trees. However, most treeline areas had densities within
this range, so plots were still considered to be representative of point patterns in upper and lower treeline
areas.

5.3.5 Field-based stem mapping
To validate our satellite-derived point pattern results, we mapped tree stem locations in field plots
that fell within the spatial extents of each of the QuickBird scenes. We established six 30 m x 30 m plots
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in the Kluane scene; three on a shallow north-facing slope and three on a shallow south-facing slope just
below treeline. In the Ruby scene, we used stem coordinates from three 50 m x 50 m long term
monitoring plots established as part of the International Polar Year; one on a shallow north-facing slope,
and two on shallow south-facing slopes at treeline (Figure 5-3a). In each plot we mapped the positions of
all tree stems greater than 2 m in height (including standing dead trees) by measuring angle and distance
of each tree from plot centre. The precise position of the plot centre was recorded with the Trimble unit
and differentially corrected (see Imagery above). We also measured tree height and diameter at breast
height (dbh), and noted whether trees were part of a clonal cluster of stems or whether they were separate
individuals.

5.3.6 Point pattern analysis
We used a square-root transformed version of Ripley’s K(t) statistic, L(t), to quantify the degree
of clustering or dispersion between trees in all plots (both satellite-based and field-based) (Ripley 1976;
Fortin and Dale 2006). This statistic counts the number of trees within a circle of radius t in each plot and
compares this value to the number of trees that would be expected to fall within that circle if the trees in
the plot were randomly distributed, given the density of trees in the plot (Wiegand and Moloney 2004).
We used Passage software (Version 2) (Rosenberg 2009) for this analysis, in which positive L(t) values
indicate even spacing, negative values indicate clustering, and a value of zero indicates a random
configuration of trees.
To account for edge effects, we down-weighted the influence of trees near plot edges based on
the proportion of the circle around each tree that fell within the plot. We also restricted the radii (t) to
values between 1 and 10 m (at 1 m intervals) for the satellite-derived tree locations and between 1 and 8
m for the field-derived locations as it is not recommended to calculate Ripley’s K(t) for radii greater than
a quarter the length of the shortest dimension of the plot (Ripley 1976; Bagchi and Illian 2015). In
addition, we were exclusively interested in intraspecies interactions, which tend to occur at distances less
than 10 m (Getzin et al. 2008). Finally, we randomized the coordinates of trees in each plot 99 times and
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used the resulting L(t) values to construct 95% confidence intervals around the observed L(t) values. We
used these to determine whether trees were significantly clustered (below the confidence intervals) or
dispersed (above the confidence intervals) (as in Murphy and McCarthy 2012).
We used three-factor repeated measures analysis of variance (RM ANOVA) to test for significant
differences in satellite-derived L(t) values between plots in different slope categories, with radius (t) as
the repeated measure, and slope angle, slope aspect, and elevation (upper or lower treeline) as fixed
factors. Note that we combined L(t) values from 50 m by 50 m plot segments into mean 50 m by 200 m
plot values at each radius to ensure that adjacent 50 m by 50 m segments were not treated as independent
data points. This meant that in the Kluane image, we had n = 20 plots for main effects, n = 10 plots for
second-order interactions and n = 5 plots for the third-order interaction. In the Ruby Range, we had n = 8
plots for main effects, n = 4 for second-order interactions, and n = 2 for the third-order interaction.

5.3.7 Ecotone form analysis
To quantify the form of the treeline ecotone, we placed twenty 200 m wide rectangular plots in
the classified Kluane scene and another two in the classified Ruby scene with the long edge parallel to the
slope (Figure 5-3c). Plots were spaced at least 200 m apart from one another and were positioned such
that the lower end encompassed a 50 by 200 m area with 50% tree cover, and the upper end encompassed
a 50 by 200 m area with 0% tree cover (i.e. plot length varied with the length of the ecotone). This
method of placement ensured that we were capturing the entire treeline ecotone in each plot while
minimizing variation in the amount of continuous forest between plots, as this would affect the class
metrics we used to quantify treeline form (below). Mean percent tree cover was 15.5 ± 4.2% across all
plots.
To quantify the degree of diffuseness or abruptness in each plot, we used Fragstats software
(Version 4) (McGarigal and Marks 1995) to extract the tree class clumpiness index. This index calculates
the number of tree pixel edges shared with other tree pixel edges and compares that to how many pixel
edges would be shared if tree pixels were randomly distributed throughout the plot. A value of -1
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indicates that pixels are maximally disaggregated, a value of 0 indicates a random configuration of pixels,
and a value of +1 indicates pixels are maximally aggregated into one large patch. This index was chosen
because, unlike other aggregation metrics, it is not dependent on the percent cover of pixels of the focal
class and solely reflects the degree of spatial autocorrelation between pixels of that class (Neel et al. 2004;
Wang et al. 2014; Lustig et al. 2015). It was also the most representative of the degree of ecotone
diffuseness or abruptness described by Harsch and Bader (2011).
To compare ecotone diffuseness (tree clumpiness) between topographic settings, we used ArcGIS
to extract the mean slope angle and mean northness (cosine of aspect in radians) in each plot. Most plots
were either primarily north or south-facing due to the east-west orientation of valleys in the Kluane
Ranges scene, so we placed each plot into a north or south aspect category for analysis (15 were classed
as south-facing and 7 as north-facing). As we wished to test the influence of slope aspect on clumpiness
independent of any influence of the steepness of the environmental gradient (i.e. slope angle), we elected
to use analysis of covariance (ANCOVA) with slope aspect as a fixed factor and slope angle as a
continuous covariate. To test whether the presence of tall shrubs influenced ecotone form, we used
Fragstats to calculate the percent cover of tall shrubs, as well as the shared edge length between tree
patches and tall shrub patches in each plot.

82

N

C. Legend
Trees

C.

Tall Shrubs
Other Veg.

B.

A.

0 50 100

200

300

400
Meters

Figure 5-3: A portion of the Ruby Range QuickBird scene illustrating the placement of 50 x 50 m
field-based (A) and 50 x 200 m satellite-based stem mapping plots (B) for point pattern analysis
using pansharpened imagery, as well as the placement of plots for ecotone form analysis using
classified imagery (C). Note that the satellite-based stem mapping plots in (B) were designed to
capture upper and lower treeline point patterns within a given slope aspect/angle combination and
that they were divided into four 50 x 50 m segments for calculation of point patterns statistics. See
Appendix M for locations of each of these plots in each scene

5.4 Results
5.4.1 Field versus satellite-derived point patterns
A visual comparison of stem positions detected in QuickBird imagery with their real-world
positions revealed that stems in close proximity to one another (within 1 to 2 m) frequently appeared to be
a single stem in the imagery, particularly in the September Kluane Ranges scene (Figure 5-4).
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Figure 5-4: One of the six Kluane Ranges 30 x 30 m field-based point pattern plots (white square)
superimposed on the Kluane Ranges pan-sharpened QuickBird true colour composite. Blue dots
indicate the positions of tree stems mapped in the field and yellow dots indicate what appear to be
trees in the QuickBird imagery

In the Kluane Ranges, field-derived L(t) values were consistently lower than satellite-derived
means, particularly at distances of less than five meters (Figure 5-5). Similarly, field-derived values in
the Ruby Range were substantially lower than satellite-derived means when each clonal stem was treated
as a separate individual (separate set of coordinates). In contrast, field-derived L(t) values from the two
south-facing plots in the Ruby Range were higher than satellite-derived means when clonal clusters were
treated as a single individual. There was very little significant dispersion between stems, but significant
clustering occurred in several field plots.

84

Figure 5-5: A comparison of satellite-derived L(t) values with field-derived values from within the
same scene. L(t) values when clonal clusters of stems were treated as a single set of coordinates are
in the top row, while values when each clonal stem was given its own set of coordinates are in the
bottom row. Satellite-derived values are represented by a mean of all 200 x 50 m plots (thick black
line) calculated at each distance (error bars are standard deviations), while values from each field
plot are represented by a separate line (dark grey for north-facing plots, light grey for south-facing
plots). Hollow circles indicate significant dispersion in field plots, while filled circles represent
significant clustering according to 95% confidence intervals. The dashed black line is
representative of a random configuration of trees (L(t) value of zero) and is provided for reference.
Values below this line indicate a clustered pattern, while values above the line indicate dispersion

5.4.2 Influence of topography on satellite-derived point patterns
Overall, proportions of virtual plots with significant clustering or dispersion were low (< 40%) in
both ranges at all distances, meaning the majority of point patterns between trees detected in satellite
imagery were random. However, satellite-derived tree coordinates revealed differences in point patterns
between mountain ranges. Plots in the Ruby Range displayed lower mean L(t) values than those in the
Kluane Ranges at all distances. Significant dispersion occurred at two to five meter distances in the
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Kluane Ranges in 13 to 35% of plots, respectively. In contrast, significant dispersion never exceeded
10% of Ruby Range plots at any distance, but significant clustering occurred at distances over three
meters in 14 to 28% of plots.
Three-factor RM ANOVAs revealed little influence of topography on point patterns in the Kluane
Ranges (Figure 5-6). However, L(t) values in the Ruby Range were significantly lower on south
compared to north aspects (F = 43.235, p < 0.001), and on steep compared to shallow slopes (F = 10.508,
p = 0.012). Significant clustering occurred in 22 to 31% of south-facing plots and 19 to 25% of steep
plots in the Ruby Range at distances between three and six meters, but in less than 1 and 12% of northfacing and shallow Ruby Range plots, respectively, at the same distances. In contrast, there were no
significant differences in L(t) values between slope aspects and angles in the Kluane Ranges, though
values were significantly lower at upper compared to lower treeline elevations (F = 7.027, p = 0.012).

Figure 5-6: Main effects plots for the three-factor repeated measures ANOVAs used to test for
significant differences in mean L(t) values between 50 x 200 m plots on different slope angles, slope
aspects, and elevations in each mountain range while controlling for dependence between successive
86

distances. Proportions of 50 x 50 m plot segments with significant dispersion (according to 95%
confidence intervals) are represented by various sizes of hollow circles, while proportions with
significant clustering are represented by various sizes of filled circles

The only significant interaction term in either of the three-factor RM ANOVAs was between
angle and aspect in the Ruby Range (F = 29.223, p = 0.001). This occurred because steep south-facing
slopes in the Ruby Range had substantially lower L(t) values than shallow south-facing slopes, but values
on steep and shallow north-facing slopes were virtually identical (Figure 5-7). Notably, 50% of plots on
steep south-facing slopes in the Ruby Range had significant clustering at distances of three to five meters.

Figure 5-7: Interaction plot showing the significant second order interaction between slope aspect
and angle in the Ruby Range according to a three-factor repeated measures ANOVA. Proportions
of 50 x 50 m plot segments with significant dispersion (according to 95% confidence intervals) are
represented by various sizes of hollow circles, while proportions with significant clustering are
represented by various sizes of filled circles

5.4.3 Influence of topography on treeline form
Ecotones ranged from highly diffuse to fairly abrupt throughout the Kluane Region (Figure 5-8).
Tree pixels had significantly higher clumpiness (greater ecotone abruptness) on south- compared to northfacing slopes (F = 81.969, p < 0.001) and clumpiness increased significantly with increasing slope angle
(F = 8.004, p = 0.011) according to ANCOVA (Figure 5-9).
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Figure 5-8: Example of two ecotone form plots in the Kluane Ranges scene, one with a diffuse
ecotone (a,b) and one with a more abrupt ecotone (c,d). Pansharpened true colour composites are
shown on the left (a,c) and classified imagery used for the calculation of class metrics on the right
(b,c) (legend is the same as in Figure 5-3). The plot shown in (a) and (b) had a tree clumpiness
index of 0.49, while the plot in (c) and (d) had an index of 0.61
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Figure 5-9: Mean tree clumpiness index on north and south-facing slopes with error bars
representing standard deviations (left), and the relationship between tree clumpiness and slope
angle (right) in each of the 22 ecotone form plots

Mean tall shrub cover on south aspects (35.1 ± 6.9 %) was significantly greater than it was on
north aspects (7.4 ± 11.2 %) according to an independent t-test (p < 0.001). In addition, the proportion of
tree patch edges shared with shrub patch edges was lower than expected in plots with high shrub cover
(Figure 5-10).
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Figure 5-10: The relationship between percent shrub cover (out of only the non-treed area) and the
tendency for tree and shrub patches to share edges (i.e. occur directly adjacent to one another). If
the occurrence of tree patches were not dependent on neighbouring vegetation type (i.e. patches of
different types were randomly interspersed with one another), the former would increase linearly
with the latter (grey dotted line)

5.5 Discussion
Overall, we found that tree point patterns derived from field plots and satellite imagery differed
substantially at short distances, but aligned more closely at larger distances (> 3-6 m). Clustering of trees
was evident in some plots in the Ruby Range, but most point patterns were random, suggesting some
facilitative and no competitive interactions between treeline trees in the Kluane Region. Ecotone form, as
measured by the tree clumpiness index, varied substantially between aspects. North-facing ecotones were
significantly more diffuse than south-facing ecotones, and tall shrub cover was significantly lower on
north- compared to south-facing slopes. Collectively, these results suggest that topography influences
tree point patterns as well as ecotone form, and that tree-shrub interactions may be as important as treetree interactions in shaping treeline pattern in subarctic mountain ranges.

5.5.1 Field versus satellite-derived tree pattern
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Differences between field and satellite-derived mean L(t) values were considerable at short
distances. There are two main reasons for this. First, the resolution of the satellite imagery (0.6 m) made
it impossible to visually distinguish trees that were within one meter of each other, resulting in satellitederived L(t) values that erroneously indicated even spacing at distances of one meter. Second, trees were
frequently hidden by the shadows of other trees when they were within approximately three meters of
each other and oriented parallel to the solar azimuth. This issue was particularly problematic in the
Kluane Ranges scene, which was acquired close to the vernal equinox and had longer shadows than the
Ruby Range scene. This partially explains why satellite-derived Ruby Range L(t) values were
consistently lower than Kluane Range values. Since L(t) values are calculated using concentric circles
surrounding each tree, values at higher distances are inherently dependent on values at smaller distances
(Wiegand and Moloney 2004). This is why the positive L(t) values calculated using satellite-derived stem
locations persisted up to distances of five or six meters in the Kluane Ranges scene.
The interpretation of point pattern statistics derived from satellite imagery must be done with care
when the tree species under study is capable of vegetative layering, since it is impossible to remotely
distinguish clonally-reproduced stems from clustering between separate individuals. Field-based studies
have the advantage of being able to make this distinction and have generally treated clonal clusters of
stems as a single point in their analysis (Camarero et al. 2000; Humphries et al. 2007). Since there are
generally only two or three clonal stems per cluster in the Kluane Ranges, virtually all of which are within
three meters of each other, clonal clusters often appeared to be a single individual in the imagery. This is
why field-derived L(t) values were consistently lower than satellite-derived values. In contrast, satellitederived L(t) values in the Ruby Range were lower than field-derived values when clonal clusters of stems
were treated as a single individual (one set of coordinates), suggesting we were counting clonal stems as
separate trees in the Ruby Range scene. This occurred because clonal clusters in the Ruby Range are
extensive compared to those in the Kluane Ranges, occasionally including more than 10 stems greater
than two meters in height.
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In spite of these issues, mapping tree locations using high resolution satellite imagery has notable
advantages over the equivalent field-based studies, namely that tree spatial patterns can be quantified
across a wide range of site conditions, and study designs can incorporate a suitable degree of replication
(Bagchi and Illian 2015). Field studies tend to use a small number of plots (generally between one and
five) due to the time-intensive fieldwork required to map tree locations (Camarero et al. 2000; Hou et al.
2004; Humphries et al. 2007; Elliot and Kipfmueller 2010; Murphy and McCarthy 2012). Given the
variation in point patterns we observed between plots in neighbouring mountain ranges and across
different topographic settings in the Ruby Range, the ability to sample large numbers of plots across a
wide variety of site conditions is an important advantage of using satellite imagery. However, this
approach is only suitable for studies investigating patterns of adult trees at distances greater than the
width of at least three pixels. In addition, if the species under study is capable of vegetative layering, we
recommend ground validation to determine whether clustering is occurring as a result of asexual or sexual
reproduction. Finally, care should be taken to acquire imagery with appropriate illumination –
particularly by maximizing solar elevation angle – since long shadows can markedly influence results.

5.5.2 Influence of topography on tree pattern
The majority of tree point patterns derived from satellite image-based stem mapping were random
and there was very little significant dispersion between trees that could not be explained by image
resolution or illumination issues. The notable exception to this was significant clustering at distances over
three meters in approximately 20% of virtual plots in the Ruby Range, which was confirmed by strong
clustering in the corresponding field plots. In contrast, there was very little significant clustering in
virtual plots in the Kluane Ranges, and the clustering in corresponding field plots was not as strong as it
was in the Ruby Range. This suggests that there is more facilitation occurring between trees in the Ruby
Range than in the Kluane Ranges. Alternatively, clusters of stems could be indicative of the presence of
favourable microsites. For example, seedling establishment is largely restricted to the lee sides of
boulders and small depressions near treelines in Montana, since they are sheltered from winds and have
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deeper soils (Holtmeier and Broll 2012). However, we did not observe any microtopographic differences
between areas containing clusters of stems and those without clusters, suggesting the clustering we
observed in the Ruby Range is indicative of facilitative interactions between trees. Valleys in the Ruby
Range are broad and shallow compared to those in the Kluane Ranges and are likely more exposed to
damaging winter winds. Clustering is likely occurring because adult trees protect young seedlings and
saplings from overwinter damage, similar to what has been observed at treelines in the Rocky Mountains
(Holtmeier and Broll 1992; Hättenschwiler and Smith 1999). This is supported by plot-level evidence of
greater overwinter damage to exposed seedlings at sites in the Ruby Range compared to the Kluane
Ranges (Kambo 2017).
The satellite-based results indicated stronger clustering on south-facing compared to north-facing
Ruby Range slopes. In a field-based study, Elliott and Kipfmueller (2010) found that tree point patterns
were generally random at treelines in the Rocky Mountains, but that clustering was prominent on certain
south-facing slopes. They attributed their results to the more xeric conditions on south aspects, where
shading by adult trees conserved soil moisture, thereby facilitating the establishment of new individuals.
While south aspects in the Kluane Region have lower soil moisture content than north aspects (Chapter 2:
Dearborn and Danby 2017), we suspect soil moisture is not the primary cause of clustering in this region,
since south-facing slopes in the steeper Kluane Ranges are considerably dryer than those in the Ruby
Range, yet had substantially less clustering. Furthermore, field data revealed that the degree of clustering
between stems is actually similar between aspects in the Ruby Range. Rather, it is the nature of clustering
that differs. Clustering on south-facing Ruby Range slopes occurs exclusively between stems that are
part of clonal clusters, while clustering on north-facing slopes occurs between separate individuals. This
is because germination success is far higher on north aspects than south aspects in this region (Kambo and
Danby 2017). North-facing substrates are moist and moss-dominated, which promotes seedling
establishment. In addition, snowpacks tend to be deeper on north-facing slopes, either because southfacing slopes experience higher sublimation and melting, or because prevailing winds blow snow from
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south- to north-facing slopes (Danby and Hik 2007b). These deeper snowpacks could shelter seedlings
from winter damage on north aspects, resulting in higher seedling success. It is unclear why steep southfacing slopes in the Ruby Range exhibited stronger clustering than shallow south-facing slopes. It may be
because the four plots belonging to each of these groups were confined to a single alpine valley, meaning
the L(t) values of each group may not have been representative of the true variation in values throughout
the Ruby Range.

5.5.3 Influence of topography on treeline form
North-facing treeline ecotones are significantly more diffuse than south-facing ecotones in the
Kluane Region. According to the hypotheses put forward by Harsch and Bader (2011), these results
suggest that the positions of north-facing treelines are limited primarily by cold temperatures that restrict
the growth of adult trees, while south-facing treelines are governed more by barriers to seedling
establishment. The fact that seedlings occur in much higher abundance on north compared to south
aspects (Danby and Hik 2007b) supports this hypothesis. However, there is also some evidence from the
region that does not support it. Annual tree ring widths are wider on south- than north-facing slopes but
ring widths on both aspects are similarly sensitive to air temperature (Chapters 3 and 4), which suggests
that tree growth in more abrupt south-facing treelines experiences equal temperature-induced restrictions
as growth in diffuse north-facing treelines. Treml and Veblen (2017) conducted a similar test of Harsch
and Bader’s (2011) hypothesis using tree ring analysis in the Rocky Mountains and found that the growth
of trees in abrupt and krummholz treelines was equally or even more sensitive to temperature than growth
in diffuse treelines.
The more abrupt ecotones on south-facing slopes in the Kluane Region were not accompanied by
clustering between individual trees, suggesting the barriers to seedling establishment above treeline are
different from those described by Harsch and Bader (2011). Nothofagus spp. treelines in New Zealand
and the tropics are often highly abrupt (more so than any treelines encountered in our study region)
because seedlings cannot survive harsh environmental conditions above treeline without the sheltering
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(i.e. facilitative) influence of adult trees (Wardle 1985; Bader et al. 2008; Harsch and Bader 2011).
However, there was no evidence of facilitation between trees on south aspects in the Kluane Ranges,
where ecotones in our study area were most abrupt. This suggests that, unlike the Nothofagus spp.
treelines described by Harsch and Bader (2011), seedlings on south aspects in the Kluane Region are
capable of surviving environmental conditions above treeline in the absence of adult trees.
Rather than harsh environmental conditions, we suspect that tall deciduous shrubs act as a barrier
to seedling establishment above treeline on south aspects in the Kluane Region. Shrub cover is
significantly greater on south compared to north aspects, and there is experimental plot-level evidence of
competition between tall shrubs and tree seedlings in this region (Kambo 2017). Furthermore, we were
able to demonstrate using classified imagery that tree patches above treeline are frequently restricted to
areas of lower lying vegetation. While there are marked differences in edaphic conditions between aspects
(Chapter 2: Dearborn and Danby 2017), we therefore suspect it is largely through the influence of soil
temperature on shrub abundance that edaphic conditions affect treeline form, rather than through any
direct influence on the trees themselves. Given the importance of these biotic interactions in the Kluane
Region, we recommend that future studies of this type make an attempt to quantify patterns of other
vegetation types occupying the treeline ecotone. If only trees are considered, variation in tree spatial
patterns could be wrongly attributed to variation in abiotic variables when, in fact, biotic variables are
directly driving patterns, and abiotic variables simply covary with those patterns.

5.5.4 Implications for treeline dynamics
The results of our spatial pattern analysis allow for a number of inferences regarding future
treeline dynamics in the Kluane Region. First, there is the potential for infilling to occur at treelines in a
wide range of topographic settings, as there was very little evidence of competition between trees. Fieldbased point pattern studies have found a similar lack of competition at treeline (Humphries et al. 2007;
Elliott and Kipfmueller 2010), though if climate warming reduces abiotic stressors it is possible that
competitive interactions could become more common (as shown in Wang et al. 2016). Second, the
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stronger clustering between stems in the Ruby Range may indicate that treeline advance is less likely to
occur in synchrony with climate warming than it is in the Kluane Ranges, since clustering implies that the
presence of adult trees is necessary to facilitate new establishment (Bader et al. 2008; Elliott and
Kipfmueller 2010; Stueve et al. 2011). If this is the case, advance is likely to be particularly slow or
halting on south aspects, where clonal reproduction is predominant.
The higher degree of ecotone abruptness on south-facing slopes indicates that treelines on south
aspects are less likely to advance in synchrony with rising air temperatures than those on north aspects.
However, a period of rapid warming between the 1920s and 1950s was not accompanied by north-facing
treeline advance (Danby and Hik 2007a). Rather, south-facing treelines advanced rapidly while the
density of trees near treeline increased on north-facing slopes. These findings do not necessarily
contradict our spatial pattern results, as it is possible spatial patterns are different now than they were in
the early 20th century. Even assuming patterns have remained constant, a sudden and rapid advance of
abrupt treelines coincident with the breach of a climatic threshold that temporarily allows seedling
establishment to occur above treeline is not inconsistent with Harsch and Bader’s (2011) hypothesis.
However, the barriers to seedling establishment in the Kluane Region are likely due to the presence of tall
competitive shrubs, rather than to the ameliorating influence of adult trees on their microenvironment.
Tall shrub cover has been increasing rapidly across subarctic regions, and is expected to continue
increasing (Sturm et al. 2001; Tape et al. 2006). We therefore suspect that sporadic advances of abrupt
south-facing treelines, such as those that occurred in the early 20th century, will become less likely in the
future even if environmental conditions become increasingly favourable for seedling establishment.
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Chapter 6
Conclusion
6.1 Introduction
Despite the fact that alpine treeline position is globally limited by growing season air and soil
temperature thresholds (Körner 1998; Körner and Paulsen 2004), there has been substantial variation in
the response of vegetation to climate warming across forest-tundra ecotones worldwide (Harsch et al.
2009; Ropars and Boudreau 2012). Predictive models of vegetation change continue to assume
vegetation will respond uniformly to rising air temperatures across broad geographic regions (Moen et al.
2004; Heikkinen et al. 2006; Kaplan and New 2006), but given the past variability in responses, these
predictions are likely inaccurate. In order to better predict how treeline vegetation will respond to
warming in alpine regions, I attempted to characterize and explain existing landscape-scale variation in
plant community composition, tree and shrub growth, and tree spatial patterns across forest-tundra
ecotones in southwest Yukon.
I found that slope aspect and angle accounted for much of the landscape-scale variation in these
ecotone properties. Warmer soil temperatures resulted in more rapid rates of woody plant growth and
significantly higher deciduous shrub cover on south- compared to north-facing slopes, which, in turn,
drove aspect-related differences in treeline form. Higher soil moisture retention and exposure to winter
winds on shallow Ruby Range slopes drove differences in tree and shrub growth and tree point patterns
between the Ruby and Kluane Ranges. These results suggest that the nature and timing of future change
will vary with aspect and angle in southwest Yukon, and that predictive models of vegetation change
should be modified to account for the influence of these topographic factors. In this chapter, I review the
major findings of each data chapter, discuss their collective implications for future vegetation change in
the Kluane Region, and comment on the inclusion of topographic variables in predictive modeling of
vegetation change.
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6.2 Summary of results
The major drivers of landscape-scale variability in community composition, woody plant growth,
and tree spatial patterns are summarized in Figure 6-1, and described in each of the following subsections.

6.2.1 Community composition (Chapter 2)
I expected to find distinctly different plant communities at forest and tundra elevations, since
average growing season air temperature drops by several degrees between the two. Instead, I found that
composition varied more with slope angle, and especially aspect, than it did with elevation across the
forest-tundra ecotone. Mosses, sedges and dwarf ericaceous shrubs were abundant on north-facing slopes,
while tall deciduous shrubs, grasses and forbs dominated south-facing slopes. Warmer soil temperatures
and deeper active layers on south- compared to north-facing slopes drove these differences, and
outweighed the influence of air temperature on plant community composition within the ecotone.
Interestingly, treeline plant communities in the Kluane Region did not conform to commonly held
ecotone properties, such as peaks in richness and higher rates of species turnover near the middle of the
ecotone (Odum 1953; Lomolino 2001; Blackwood et al. 2013). The limited elevational range of our
surveys may partially explain this (Batllori et al. 2009; Dorji et al. 2014). But it is important to note that
the forest-tundra ecotone is defined in terms of its structure rather than its composition, and that changes
in the abundance of a single, large-stature species (in this case, white spruce) are not necessarily
indicative of changes in the rest of the plant community.

6.2.2 Woody plant growth (Chapters 3 and 4)
The growth characteristics of the two dominant woody species occupying the forest-tundra
ecotone, white spruce and grey-leaf willow, varied between elevations, aspects, and mountain ranges in
the Kluane Region. Spruce ring widths were wider at lower forest line elevations than higher treeline
elevations, but willow ring widths did not vary with elevation, suggesting colder air temperatures at high
elevations do not limit shrub growth as much as tree growth. Spruce ring widths were also wider on south
compared to north aspects, likely because low soil temperatures on the latter limit growth. However, the
98

ring width patterns and climate-growth responses of both species were similar between aspects. Rather,
patterns varied between the Ruby and Kluane Mountain Ranges. This range-related variation has become
particularly pronounced over the last several decades, at least amongst spruce (willow chronologies were
too short to assess this). Spruce growth has been increasing since the late 1970s in the Ruby Range, but
not in the Kluane Ranges.
Tree growth in all topographic settings was limited by growing season air temperature during
cooler time periods, but diverged from the summer temperature record during warmer time periods,
especially in the last several decades. Given the rising summer air temperatures and semi-arid conditions
in southwest Yukon, I was expecting trees on dryer south aspects to exhibit strong positive responses to
summer precipitation. Instead responses tended to be weak or negative, suggesting trees in the Kluane
Region are not suffering from heat-induced drought stress the way many other white spruce populations
are in northwestern North America (D’Arrigo et al. 2008). Rather, I found evidence that spring soil
moisture has begun to limit growth due to the negative influence that warming winter and spring
temperatures have had on snowpack depth in recent decades. In contrast, the clustered pattern of tree
stems and shallow slope angles in the Ruby Range likely cause snow to accumulate around stems, and
meltwater to be retained by soils, respectively. This has allowed tree growth to increase with climate
warming in spite of an overall decline in snowpack depth.

6.2.3 Tree spatial patterns (Chapter 5)
Tree spatial patterns at treeline varied between mountain ranges and slope aspects in the Kluane
Region. We found evidence of stronger facilitative interactions between trees in the Ruby Range than the
Kluane Ranges, likely because greater exposure to winter winds in broad valleys damages exposed
seedlings (i.e. those not under the sheltering influence of an adult tree). Clustering between trees on south
aspects in the Ruby Range occurred primarily between clonally reproduced stems, but on north aspects it
occurred between separate individuals. Additionally, the relative abruptness of treeline ecotones was
greater on south than north aspects in both mountain ranges. These aspect-related differences in clonal
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clustering and ecotone form occurred because moist, moss-dominated substrates on north aspects are
amenable to seedlings, whereas the abundance of tall, deciduous shrubs on south aspects inhibits seedling
establishment (Kambo 2017).

Figure 6-1: The influence of topography on three properties of forest-tundra ecotones in the Kluane
Region (community composition, tree and shrub growth, and tree spatial patterns) with labels
indicating the major drivers responsible for variation in these properties between topographic
factors, and between the properties themselves. Measured factors and drivers are in blue, while
inferred ones are in orange
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6.3 Implications for vegetation change in the Kluane Region
Increases in temperature and precipitation are projected for southwest Yukon over the next
century, particularly in the winter and summer, respectively (Table 6-1). Though modeling future
vegetation change is beyond the scope of this work, the results of this thesis provide several indications as
to how vegetation in the treeline ecotone will respond to these climatic changes in the Kluane Region
(summarized in Figure 6-2).
Table 6-1: Projected changes in seasonal climate by 2100 in the boreal cordillera ecozone
(deviations from 1980-2009 means) (Price et al. 2011). The range of values represents a range of
predictions based on different emissions scenarios
Climate variable

Spring

Summer

Fall

Winter

Daily min. temp. (ºC)

+2.5 to 4.1

+2.4 to 4.1

+2.6 to 4.3

+3.3 to 5.7

Daily max. temp. (ºC)

+1.7 to 2.7

+2.4 to 4.1

+2.1 to 3.4

+2.4 to 4.1

Total precip. (mm)

+8 to 19

+12 to 26

+15 to 24

+13 to 22

First, responses to warming are likely to vary between slope aspects. In the past, upslope
advancement of trees and other plant species has primarily occurred on south-facing slopes (Danby and
Hik 2007a; Danby et al. 2011). In the future, however, the abundance of tall, competitive deciduous
shrubs on these slopes will likely slow or halt treeline advance and limit infilling of trees. This is
particularly likely given the ongoing increase in shrub cover across subarctic regions (Sturm et al. 2001;
Tape et al. 2006), the competitive nature of deciduous shrub species and their rapid responses to
experimental warming (Chapin et al. 1995; Bret-Harte et al. 2002; Elmendorf et al. 2012), as well as the
fact that their growth is seemingly unimpeded by colder air temperatures above treeline (Chapter 4).
Further increases in shrub abundance are also likely to initiate a decline in vascular plant species richness
on south aspects, since richness was notably lower under dense shrub canopies (Chapter 2: Dearborn and
Danby 2017).

101

Cold soil temperatures on north-facing slopes restrict adult tree growth, but the likelihood of
treeline infilling or advance is higher than it is on south-facing slopes, since shrub cover is low, and
substrates are more amenable to seedling success (Kambo and Danby 2017). If warming temperatures
thaw the permafrost and raise soil temperatures on north aspects, moss cover could decline and
competitive herbaceous species that were previously restricted to south-facing slopes would begin to
colonize north-facing slopes. Tall deciduous shrub cover would increase as well, meaning shrubs could
eventually begin to out-compete tree seedlings as they are currently doing on south aspects. Still, it would
likely take a considerable amount of time for shrubs to reach the same levels of dominance on north
aspects as they have already attained on south aspects.
Responses to warming are also likely to vary between mountain ranges with different slope
angles. The growth of adult trees in shallow Ruby Range valleys is increasing rapidly compared to growth
in steep Kluane Range valleys, since clustered patterns of trees and shallow slopes accumulate blowing
snow and retain spring meltwater, respectively. Growth in the Ruby Range will probably continue to
increase until the negative influence of warming winter and spring temperatures outweighs the positive
influence of increasing winter precipitation on snowpack depth. In addition, the higher overwinter wind
damage experienced by exposed seedlings and saplings in broad Ruby Range valleys may slow infilling
or advance of the treeline, particularly as the protective influence of the snowpack is diminished.
Finally, it is unlikely that trees and the rest of the plant community will respond in the same way
to climatic change in the Kluane Region, or that treeline advance or infilling will markedly alter the
underlying plant community (similar to findings by Pardo et al. 2013). By definition, tree cover decreases
from low to high elevation within the treeline ecotone, whether due to a decline in air temperature with
elevation, or barriers to seedling establishment above treeline, or some combination of the two. However,
plant community composition did not differ between forest and tundra elevations at any of the sites I
surveyed because it is governed primarily by soil temperature, which varied far more between aspects
than elevations within the forest-tundra ecotone. Climate warming may eventually impact composition
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through a corresponding increase in soil temperature (as mentioned above), but shorter-stature species are
likely to be less responsive to changes in air temperature than trees or tall shrubs. These non-uniform
responses of different species and functional groups may result in novel species assemblages at treeline
(Trant and Hermanutz 2014).

Figure 6-2: Simplified representation of topographic variation in current treeline composition and
structure with major drivers described in point form (top) and resulting predictions of future
vegetation change in the Kluane Region over the next several decades (bottom). Blue solid
horizontal lines represent current treeline positions and orange solid lines their former positions,
while blue dashed horizontal lines represent current air temperature thresholds for tree survival
and orange dashed lines their former positions
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6.4 Implications for predictive modeling and next steps
It is a common assumption in species distribution modeling that climatic factors influence
vegetation more than any other abiotic or biotic factor, particularly at coarse spatial resolutions
(Heikkinen et al. 2006). This is likely why models of northern vegetation change often base their
predictions solely on climate-vegetation relationships (Kaplan and New 2006; Epstein et al. 2007).
However, Bertrand et al. (2012) found that oak tree distribution was more strongly governed by edaphic
variables than climatic ones at spatial resolutions up to 50 km in France and Sormunen et al. (2011)
demonstrated that the inclusion of topographic and edaphic variables significantly improved the accuracy
of Salix spp. and Betula spp. distribution models in a 1100 km2 area spanning half a degree of latitude in
northern Finland. Non-climatic factors are even more critical when modeling the distributions of smallstature vegetation (Dubuis et al. 2013; Beauregard and de Blois 2014). In fact, a meta-analysis of
vegetation-environment relationships revealed that edaphic variables are better predictors of community
composition than climatic variables at spatial extents up to 2000 km2 (Siefert et al. 2012).
These findings, in combination with past observations of landscape-scale variation in plant
responses to warming, suggest that there is a need to account for the influence of non-climatic variables in
predictions of vegetation change. This is true even when plants are at or near their northern or altitudinal
range limits (Harsch et al. 2009), across broad spatial scales (Siefert et al. 2012), and over relatively long
temporal scales (Schwörer et al. 2017). Unfortunately, it is often impractical for predictive models to
incorporate non-climatic variables, since it often requires comprehensive field-based measurements
across large spatial extents. However, my findings indicate that slope aspect and angle account for most
of the landscape-scale variation in non-climatic drivers of plant composition, growth and pattern.
Therefore, the inclusion of aspect and angle (derived from a digital elevation model) has the potential to
improve the accuracy of predictive models substantially in alpine regions.
It is important to note, however, that the relative influence of aspect and angle on vegetation may
vary between regions with different prevailing climates. Aspect-related variation in composition is
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common in alpine regions (Gallardo-Cruz et al. 2009; Yirdaw et al. 2015), but differences in soil
temperature between aspects were amplified by the high latitude and presence of permafrost in the Kluane
Region. As such, other alpine regions may not have such distinct aspect-related differences in vegetation
composition, growth or pattern (e.g. Jiménez-Alfaro et al. 2014). Similarly, broad alpine valleys with
shallow slopes likely retain more soil moisture and experience stronger winds than steep valleys
regardless of regional context. However, tree growth in regions with high winter precipitation is unlikely
to be limited by spring meltwater, and could even respond negatively to an increase in snowpack depth
and duration (e.g. Villalba et al. 1997; Vaganov et al. 1999). Additionally, high winds at treeline may not
cause significant damage to trees in regions with milder winters than those in the Kluane Region. It is
therefore important to identify the relative influence of slope angle and aspect in each region prior to
including them in predictive models of future change.
Furthermore, a better understanding of inter- and intra-specific biotic interactions at treeline is
necessary in order to accurately predict vegetation change. As environmental stress increases, biotic
interactions between and among species are assumed to decrease in importance and, as a result, they
remain understudied in northern and alpine regions (HilleRisLambers et al. 2013). Though I touched on
biotic interactions between and among species in Chapter 5, my research was primarily designed to
uncover the influence of abiotic variables on vegetation. For instance, my sampling design in Chapter 4
did not allow for a direct assessment of the degree of competition between mature trees and shrubs,
though my Chapter 5 results indicate it could be substantial. A dendrochronological study that examines
tree growth at varying proximities to large shrub patches (holding other variables constant) would indicate
whether shrubs are capable of outcompeting adult trees for moisture and nutrients once they reach a high
enough abundance. If so, treelines could potentially retreat under increasing shrub cover even if abiotic
conditions are favourable for treeline advance.
Finally, past observations of vegetation change have often been constrained to a single slope
aspect or a limited geographic area, sometimes because they are restricted to locations where historical
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data are available (Kullman 2002; Klanderud and Birks 2003), but other times to minimize the
confounding influence of topography on plant responses to warming (Hallinger et al. 2010; Meinardus et
al. 2011; Ohse et al. 2012). To perform robust validations of predictive models, differences in vegetation
responses to warming at landscape scales need to be documented. Future vegetation monitoring initiatives
should therefore establish permanent plots across a range of topographic settings whenever possible (as in
Winkler et al. 2016).
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Appendix A
Study site information
Table A-1: Locations, slope angles, and lengths of the north and south-facing ecotones surveyed and
sampled at each of the six study sites
Site Name &
Abbreviation
Clear Creek
(CC)
4th of July
(FJ)
Printer’s Pass
(PP)
Bock’s Creek
(BC)
Burwash Creek
(BW)
Quill Creek
(QC)

Aspect

Latitude / Longitude

North
South
North
South
North
South
North
South
North
South
North
South

61o12’27”N / 138o24’09”W
61o13’23”N / 138o23’24”W
61o08’25”N / 138o17’14”W
61o10’28”N / 138o18’39”W
61o11’01”N / 138o21’17”W
61o11’32”N / 138o21’07”W
61o11’57”N / 138o48’03”W
61o12’22”N / 138o48’33”W
61o21’51”N / 139o20’03”W
61o22’24”N / 139o22’27”W
61o28’05”N / 139o26’35”W
61o28’12”N / 139o29’05”W
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Slope
Angle (o)
16 ± 4
19 ± 4
26 ± 9
24 ± 7
17 ± 4
21 ± 10
34 ± 9
31 ± 7
13 ± 4
21 ± 7
29 ± 7
29 ± 4

Length of Ecotone
(m a.s.l.)
210 (1140-1350)
300 (1285-1585)
270 (1060-1330)
345 (1220-1565)
150 (1225-1375)
300 (1250-1550)
170 (1100-1270)
180 (1270-1450)
180 (1170-1350)
180 (1340-1520)
270 (1070-1340)
210 (1310-1520)

Appendix B
Details of abiotic data collection
At three of the five quadrats per elevation, we obtained five measurements of volumetric soil
water content (VWC) at a depth of 10 cm using a Fieldscout TDR 100 (Spectrum Technologies, Inc.,
Aurora, IL, US) and ML3 ThetaProbe (Delta-T Devices, Cambridge, UK), three measurements of soil
temperature at a depth of 10 cm using a Traceable long-stem digital thermometer (Control Company,
Webster, TX, US) and three to five measurements of active layer depth up to a maximum depth of 120 cm
using a tile probe, all within a two meter radius of the quadrat (see Figure 2-1 for layout). These point
measurements were obtained at the top, middle and bottom elevations (E1, E4, and E7) within a dry
week-long period near the end of the growing season at PP and BC in 2013, and at FJ and QC in 2014. In
2015, we repeated these measurements and added measurements of soil organic layer depth to a
maximum of 30 cm using a soil sampling tube (LaMotte, Chestertown, MD, US) at all seven elevations
(E1-E7) on each slope at five of the six sites (BC, BW, CC, FJ, and PP) during a rain-free period between
14 and 18 August, and at the sixth site (QC) on 22 August after an intervening rainfall event of 6.4 mm.
In August 2015, we were occasionally unable to obtain accurate active layer depths or soil
temperatures at one or more of the seven elevations within a slope due to rocky ground or faulty
equipment. For elevations with missing soil temperature data at QC, we simply used soil temperature
data recorded by loggers at those same elevations on the same day. For the remainder of elevations with
missing data, we picked random values from within the 95% confidence intervals surrounding the mean
of reliably measured soil temperatures or active layer depths taken on the same slope on the same day.
These estimations were necessary in order to incorporate 2015 abiotic variables in our multivariate
analysis, but we used only measured values for our separate analysis of 2015 environmental variables.
To supplement point measurements and gauge temporal variability of soil temperatures at
seasonal and annual scales, we installed 12 iButton Thermochron 1-wire temperature loggers (Maxim
Integrated, San Jose, CA, US) at 10 cm depths on each aspect at BC in August 2013 and QC in August
123

2014. These loggers were set to record four times daily and ran for approximately 12 months. Hourly air
and soil temperatures were also recorded using HOBO loggers (Onset Computer Corp., Bourne, MA, US)
at five elevations along the north and south-facing slopes at PP from August 2012 to August 2015.
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Appendix C
Details of non-metric multidimensional scaling analysis
Through a series of iterations, non-metric multidimensional scaling (NMS) places sample units
(in our case, elevations) in x-dimensional space (number of dimensions chosen by the user) such that the
ranked compositional dissimilarity best matches the ranked Euclidean distance between sample units in
ordination space. We used the Sørensen dissimilarity index to quantify compositional dissimilarity
between elevations since it is based on shared abundances of species between plots rather than shared
absences and thus does not erroneously interpret the shared absence of a species from a pair of plots as a
sign of similarity when, in fact, the species was present near one of the plots, but fell just outside plot
boundaries. By using ranked dissimilarities rather than absolute values, NMS also overcomes the
tendency of dissimilarity metrics to lose sensitivity at high ecological distances (McCune and Grace
2002).
After running a preliminary NMS on “autopilot”, we chose two axes for our NMS, since “stress”
(the disparity between ranked Sørensen dissimilarity and ranked Euclidean distance between elevations in
ordination space) decreased less than 5% between the second and third axes (McCune and Grace 2002).
Next, we ran another NMS with two axes and random starting coordinates for 250 runs of real data with
999 iterations each. We repeated this procedure three times with different random starting coordinates to
ensure that the resulting NMS plot showed a consistent pattern of elevation placement (Peck 2010).
Stress of the final solution was 11.99, and a Monte Carlo randomization test revealed stress was
significantly lower amongst ordinated elevations than randomly placed ones (p = 0.001).
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Appendix D
Temporal variation in abiotic variables at seasonal and annual scales
Using time series data derived from iButton and HOBO loggers, we determined that our 2015
point measurements of late August soil temperatures were a good representation of aspect and elevationrelated trends in soil temperature throughout the growing season. According to logger data obtained from
BC, QC, and PP between 2012 and 2015, soil temperatures on north and south-facing slopes generally
diverge in late May after snowmelt occurs. Monthly average south-facing soil temperatures remain 1.4 to
5.2ºC warmer than north-facing temperatures for the remainder of the growing season, with the greatest
differences occurring in August. Monthly average soil temperatures were slightly warmer at forest
compared to tundra elevations on north-facing slopes at PP and BC, and slightly warmer at tundra
compared to forest elevations on the north-facing slope at QC as well as the south-facing slopes at QC,
BC, and PP over the course of each growing season for which we had measurements. However, these
differences were small compared to differences between aspects (often less than a single degree, though
occasionally up to three degrees), mirroring the lack of any strong elevational gradients in our August
2015 point measurements.
After examining point measurements taken in 2013 and 2014, we concluded that soil
temperatures and active layer depths measured in 2015 were representative of the absolute values of these
variables near the end of a typical growing season. Specifically, mean differences between active layer
depths and soil temperatures taken at the same locations in different years between 2013 and 2015 were
12.0 ± 11.0 cm and 0.7 ± 0.9ºC, respectively. Absolute values of soil water content were more variable
between years (mean difference between measurements taken in the same location in different years was
13.9 ± 8.4%). However, we observed the same relationship between north-facing slope angle and soil
VWC in 2013 and 2014 as we did in 2015. That is, north-facing soil VWC was higher on the shallow
slope at PP than the steep slope at BC in August 2013 (30.4 ± 5.4 compared to 15.2 ± 7.9%), and similar
on the steep north-facing slopes at FJ and QC in 2014 (19.5 ± 7.3 and 20.6 ± 1.6%). We therefore felt
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confident that the trends in soil VWC we observed in August 2015 were representative of the prevailing
trends in soil VWC across elevations, aspects and slope angles in the Kluane.
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Appendix E
Missing and locally absent rings in Picea glauca and Salix glauca
Table A-2: All missing or locally absent rings in Picea glauca trees. The first two characters of the
Tree ID refer to the site (see Table A-1 for site codes), the third refers to aspect (S = south-facing, N
= north-facing), the fourth to elevation (F = forest line, T = treeline), and the fifth and sixth are the
individual tree number. For example, BWSF12 would be the twelfth tree sampled at Burwash
Creek on the south-facing slope at forest line
Year Absent

Tree ID

1794
1806
1888
1889
1926
1927

BWSF12
BWSF06
BWST05, CCNF13, PPSF09
BWST05, CCNF13, CCNF15, PPSF10
CCNF05, CCNF07, CCNF10, CCNF13, CCNF15, CCNT10, CCNT14
CCNF02, CCNF05, CCNF07, CCNF10, CCNF13, CCNF14, CCNF15,
CCNT10, CCNT14, PPSF09
CCNF10, CCNF15
CCNF10
FJNF02, FJNF03, FJNF11, FJNF14, FJNT13
FJNF02, FJNF03
CCNT01, PPST23

1928
1929
1981
1982
1990

Table A-3: All missing or locally absent rings in Salix glauca shrubs. The first two characters of the
Shrub ID refer to the site (see Table A-1 for site codes), the third refers to aspect (S = south-facing,
N = north-facing), the fourth to elevation (L = treeline, H = krummholz line), and the fifth and sixth
are the individual shrub number. For example, FJNH15 would be the fifteenth shrub sampled at
Fourth of July Creek on the north-facing slope at krummholz line
Year Absent

Shrub ID

1999
2014

FJNH15, PPSL08
CCNH05, CCSL18
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Appendix F
Disagreement between gridded historical climate datasets and weather station
data in southwest Yukon
SNAP (Scenarios Network for Alaska Planning) and ClimateWNA (Wang et al. 2012) gridded
historical climate datasets are both derivative of the University of East Anglia Climatic Research Unit
(CRU) dataset (Mitchell and Jones 2005, updated by Harris et al. 2014), and have frequently been used in
dendrochronological studies in northwestern North America (e.g. Ohse et al. 2012; Chavardès et al. 2013;
Lloyd et al. 2013; Walker et al. 2015). However, CRU interpolations excluded data from weather stations
with short or incomplete records. While this is not necessarily problematic in interpolating monthly
temperature patterns, which tend to be synchronous across large spatial extents, it often results in poor
estimates of local precipitation patterns in remote mountainous regions (McAfee et al. 2014).
Accordingly, monthly temperature records from the SNAP gridded dataset and the Burwash Landing
station were strongly and positively correlated during the period of overlap (r = 0.97 ± 0.01), but monthly
precipitation records from the two sources were very poorly correlated (r = 0.07 ± 0.15). Correlations to
CRU precipitation estimates were similarly weak.
Interpolated monthly climate data from 1901-2010 is also available from Natural Resources
Canada (NRCan) (McKenney et al. 2011). These interpolations incorporated all weather stations,
regardless of the length of their records, provided they were not missing any daily values in the month for
which temperature and precipitation were estimated (McKenney et al. 2011). As a result, monthly
NRCan precipitation estimates correlated well with the Burwash Landing station records between 1967
and 2010 (r = 0.70 ± 0.20). However, in comparing NRCan precipitation estimates prior to 1967 with
measurements from the nearby Aishihik, Haines Junction and Whitehorse stations, all of which have
records extending back to the early 1940s, we found the NRCan estimates at each station’s location
exceeded that station’s measured annual precipitation during this period by 123 to 238% (68 to 329 mm).
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Appendix G
Modeling seasonal precipitation in southwest Yukon (1946-1966)
Given the high correlations between observed and interpolated monthly temperature records at
our sites, we decided to use the 1901-2010 NRCan monthly temperature data for temperature-growth
analysis. In the absence of a locally accurate gridded precipitation dataset, we opted to use the Burwash
Landing station monthly precipitation totals for precipitation-growth analysis. To extend the Burwash
Landing record further back in time, we conducted a multiple linear regression with total monthly
Burwash Landing precipitation as the response variable and monthly precipitation totals from the
Whitehorse and Haines Junction stations (approximately 200 and 100 km from our sites, respectively; see
Figure 3-1) as explanatory variables. We then used the resulting regression coefficients to calculate
estimates of total monthly Burwash Landing precipitation between 1946 and 1966. We ran a separate
regression for each month of the year, since Whitehorse was the better predictor of Burwash Landing
precipitation in the fall and winter months, while Haines Junction was better in the summer months (note
that the Aishihik records did not overlap with the Burwash Landing records so we were unable to use
them in our regressions).
To validate our modeled data, we estimated total monthly Burwash Landing precipitation for the
period for which we had observed data (1967 to 2012). Correlations between modeled and observed
Burwash Landing precipitation were not overly strong (r = 0.51 ± 0.16), but they were substantially
higher than correlations between any of the gridded products and observed Burwash Landing
precipitation during this period (see Appendix F). We therefore used modeled Burwash Landing data
from 1946-1966 and observed Burwash Landing data from 1967-2012 in our precipitation-growth
analysis, with the caveat that precipitation-growth results from 1946-1966 would not be as reliable as
those from 1967-2012. Finally, we extracted snow depth at the end of March from the Burwash Landing
records as an annual proxy for spring meltwater quantity. As these data were reasonably well correlated
to the Whitehorse snow depth records during the period of overlap from 1967-2012 (r = 0.60), we used
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Whitehorse snow depth data to extend the Burwash Landing record back to 1946 as above (the Haines
Junction station does not record snow depth).
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Appendix H
Seasonal climate trends in southwest Yukon (1901-2012)
Seasonal climate variables were calculated by averaging monthly temperature and summing
monthly precipitation values such that the previous year’s June, July and August represented “previous
summer”, previous year’s September, October and November represented “previous fall”, previous year’s
December, current January, and current February represented “previous winter”, current March, April,
and May represented “spring”, and current June, July and August represented “summer” (sensu Leonelli
et al. 2009).
Fall, winter and spring temperatures (Fig A-1a, c, and e) were warmer during the two positive
PDO phases (1923-1945 and 1977-2012) than the negative phase (1946-1976) and summer temperatures
(Fig A-1g) have been steadily increasing since the early 1900s. Fall precipitation (Fig A-1b) did not vary
noticeably between the negative phase and the most recent positive phase, but winter precipitation (Fig A1d) declined slightly and summer precipitation (Fig A-1h) increased, particularly over the last 15 years.
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Figure A-1: Seasonal temperature and precipitation over the past 110 years in the Kluane Region
(grey lines) with 5-year running means (black lines). Temperatures were obtained from NRCan
interpolations and precipitation from the Burwash Landing weather station. Shaded areas indicate
modeled Burwash Landing precipitation values (see Chapter 3 Methods), and grey vertical lines
mark PDO phase changes
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Appendix I
Tree residual chronologies

Figure A-2: Residual tree chronologies (1985-2012) (all temporal autocorrelation removed)
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Chronology
Name
FJNF
FJNT
FJSF
FJST
BCNF
BCNT
BCSF
BCST
PPNF
PPNT
PPSF
PPST
QCNF
QCNT
QCSF
QCST
CCNF
CCNT
CCSF
CCST
BWNF
BWNT
BWSF
BWST

Elevation
(m a.s.l.)
1068
1171
1228
1392
1109
1162
1267
1350
1217
1280
1261
1335
1089
1194
1326
1417
1142
1239
1284
1440
1185
1275
1351
1431

Number
Trees
14
13
12
13
15
15
15
15
15
15
15
14
14
15
15
15
15
15
15
14
15
14
15
15

Number
Samples
26
22
23
24
29
30
22
30
29
28
32
29
28
28
29
28
30
29
24
28
30
28
27
29

Average
Years
135
114
85
75
225
96
112
119
88
86
95
76
137
95
106
88
112
101
74
75
179
124
201
150
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St. Dev.
Years
28
28
28
24
93
37
35
51
33
16
43
19
34
29
30
27
31
31
19
21
68
58
69
64

Mean
Correlation
0.608
0.553
0.698
0.702
0.511
0.482
0.654
0.654
0.557
0.541
0.626
0.674
0.580
0.526
0.711
0.677
0.625
0.541
0.676
0.611
0.588
0.563
0.645
0.659

Std. Dev.
Correlation
0.091
0.077
0.099
0.094
0.065
0.089
0.104
0.112
0.087
0.100
0.110
0.095
0.075
0.078
0.059
0.084
0.098
0.094
0.074
0.138
0.073
0.072
0.083
0.072

Table A-4: Tree residual chronology statistics taken from ARSTAN and COFECHA output

Tree residual chronology statistics

Appendix J

Mean
Sensitivity
0.281
0.274
0.268
0.261
0.218
0.249
0.203
0.234
0.246
0.270
0.259
0.296
0.226
0.248
0.222
0.242
0.290
0.297
0.228
0.263
0.221
0.244
0.216
0.240

St. Dev.
Sensitivity
0.034
0.031
0.033
0.029
0.034
0.037
0.025
0.047
0.049
0.028
0.042
0.050
0.037
0.046
0.031
0.035
0.044
0.046
0.042
0.047
0.029
0.027
0.032
0.025

1st Order
Autocorr.
0.001
0.000
-0.002
0.001
-0.004
0.000
-0.008
-0.004
-0.020
-0.001
-0.013
0.006
-0.006
0.004
-0.010
-0.011
-0.007
-0.003
-0.047
-0.027
-0.001
-0.005
-0.008
-0.008

Appendix K
Shrub residual chronologies

Figure A-3: Shrub residual chronologies (1985-2012) (all temporal autocorrelation removed)
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Chronology
Name
BCNL
BCNH
BCSL
BCSH
PPNL
PPNH
PPSL
PPSH
FJNL
FJNH
FJSL
FJSH
BWNL
BWNH
BWSL
BWSH
CCNL
CCNH
CCSL
CCSH
QCNL
QCNH
QCSL
QCSH

Elevation
(m a.s.l.)
1183
1271
1345
1441
1289
1362
1368
1499
1176
1332
1380
1543
1274
1334
1434
1521
1241
1335
1435
1578
1193
1328
1407
1519

Number
Shrubs
10
10
12
13
12
12
17
18
10
10
15
13
15
15
16
20
10
14
13
15
14
13
17
17

Number
Samples
18
19
20
25
21
21
28
34
17
18
27
24
28
26
29
37
17
22
23
24
23
23
31
31

Average
Years
28
25
33
27
30
28
24
27
20
29
27
27
29
27
27
27
28
33
23
26
28
26
31
29
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St. Dev.
Years
6
7
7
5
7
10
8
8
4
7
7
7
8
8
8
6
7
9
5
7
9
6
8
10

Mean
Correlation
0.503
0.471
0.525
0.632
0.467
0.520
0.492
0.600
0.533
0.605
0.632
0.607
0.537
0.548
0.561
0.613
0.485
0.573
0.638
0.579
0.522
0.520
0.585
0.553

Std. Dev.
Correlation
0.138
0.112
0.106
0.095
0.095
0.154
0.147
0.131
0.103
0.102
0.116
0.145
0.123
0.130
0.112
0.123
0.108
0.130
0.121
0.092
0.142
0.115
0.123
0.120

Table A-5: Shrub residual chronology statistics taken from ARSTAN and COFECHA output

Shrub residual chronology statistics
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Mean
Sensitivity
0.312
0.347
0.286
0.377
0.298
0.259
0.296
0.313
0.268
0.311
0.307
0.338
0.360
0.396
0.311
0.356
0.317
0.296
0.352
0.275
0.341
0.294
0.320
0.364

St. Dev.
Sensitivity
0.096
0.100
0.070
0.124
0.091
0.067
0.083
0.068
0.063
0.075
0.071
0.093
0.068
0.093
0.081
0.084
0.063
0.097
0.129
0.065
0.075
0.072
0.072
0.081

1st Order
Autocorr.
0.017
0.143
0.270
0.263
-0.019
-0.039
0.278
0.147
0.181
0.241
0.286
-0.010
0.215
0.128
-0.010
-0.014
0.000
0.211
0.208
0.160
0.166
0.243
-0.006
-0.002
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locations of all ecotone form plots, virtual (satellite-based) and field (ground-based) stem mapping plots marked

Figure A-4: True colour composites of the Kluane Ranges (left) and southern half of the Ruby Range (right) QuickBird scenes with

True colour composites of Ruby and Kluane Range QuickBird scenes
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