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ABSTRACT 
In this research we investigate spatial complexity in growth patterns of Picea glauca (white 

spruce) around Kluane in SW Yukon. Assumptions of regional homogeneity are often made 

with research and legislation surrounding protected areas, where smaller scale sensitivities are 

often not considered. To test if such sensitivities were important, we studied differences in tree 

growth across three sites, and determined which climatic variables most strongly influenced 

growth at each site. The three sites chosen were Burwash Quill (BQ), a cold subalpine site, 

Cultus Grasslands (CG), a dry forest-grassland ecotone, and Alsek Valley (AV), a wind-

scoured slope. Our analysis was conducted using ring-width dendroclimatology, and backed 

up by δ13C isotope analysis. Our results show that indeed, small scale sensitivities are 

important. In ring-width analysis, we found significant differences in tree growth between BQ 

and the other two sites, although AV and CG display similar growth patterns. We also found 

that correlations between BQ and the other two sites declined over time, which could indicate 

a threshold being breeched, or be evidence of the divergence problem at BQ. Isotope results 

show poor correlations between all three sites, and further confirm spatial heterogeneity. To 

determine which climate variables were important at each site, we correlated ring-widths and 

isotope values to climate records in the area. We found that the dominant climatic controls 

were winter and spring temperature at BQ, and previous year growing season precipitation at 

both CG and AV. Winter and spring temperatures correlated negatively to BQ ring-widths, 

which suggests that trees grow more when winters are colder. Previous year growing season 

precipitation correlated positively to ring-widths at both CG and AV, which suggests moisture 

stress at these sites. From our results, it is clear that decision makers and researchers should 

consider smaller scale differences in landscapes when discussing how change, particularly 

climate change, will impact an area. 
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CHAPTER 1. INTRODUCTION 
1.1 Objectives of the Research Project  

Southwest Yukon is composed of a variety of macro-environments, exhibiting strong spatial 

heterogeneity. Sites have distinctive environmental conditions, despite being situated within short 

distances from each other. Climate trends have been observed to influence the region, particularly 

20th century warming (AICA, 2005; Yougblunt & Luckman, 2008), and PDO variability 

(Fleming & Whitfield, 2012), yet it remains unclear how these broad scale climate trends will 

affect smaller scale sites. Literature shows that there is spatial difference in how climate 

influences tree growth (Greisbaur & Green, 2012; Miyamoto et al., 2010), and that climate 

variables rarely influence tree growth in uniformly predictable ways (Speer, 2010). Thus, the 

objectives of this research project will be to (1) investigate the differences in tree growth of Picea 

glauca (white spruce) between three unique sites, and (2) determine what climate variables most 

strongly relate to trends at each site. This will aid to develop a clearer understanding for how 

future climate trends will impact the unique environments present in Kluane.  

1.2 Introduction to Kluane 

Kluane is situated in the southwest corner of Yukon (Figure 1.1). The environment is comprised 

of glaciers that flow from the Icefield Ranges, through valleys in the Kluane Ranges, into rivers 

and lakes. The central lake in the region is Kluane Lake, which stretches across 409km2 of glacial 

water (Natural Resources Canada, 2009). Vegetation in the area exhibits strong vertical zoning, 

beginning with extensive boreal forest at the lower reaches, then changing to sub-alpine shrub 

landscape, and at last a treeless alpine zone of low growing tundra vegetation (Murray, 1980). 

Elevation of treeline varies, and is dependant on several local factors, however reaches heights 

between 1200-1400m a.s.l. (Danby & Hik, 2007a). Topographic variation creates heterogeneity 

in landscapes, creating a wide range of localized environments central to this study. 
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Figure 1. Map of Kluane areal extent. (Google 2012) 

Figure 1.1. Map of Kluane areal extent. (Google Earth, 2012) 

1.3 Regional Climate Trends in Kluane 

Climate in the area is dependant on elevation, however low elevations show characteristics 

typical of continental sub-Arctic regions, with a large annual range in temperatures and 

precipitation. Temperature and precipitation have been show to particularly affect tree ring 

growth and carbon isotope trends in the region (eg. Barber et al., 2000; Griesbauer and Green, 

2012), and will therefore be discussed in this analysis.  

1.3.1 Temperature Trends 

Instrumental records and proxy reconstructions of temperatures around the world show that 

global temperatures have been rising in the twentieth century (IPCC, 2007). Over the past 

century, land temperatures have been increasing by between 0.069 to 0.0840C per decade (IPCC, 

2007). This increase has been attributed to anthropogenic green house gasses (eg. Crowley, 2000; 

IPCC, 2007), and is expected to continue as a result of current human practices. This warming 

trend also applies to the Arctic (AICA, 2005). The rate of warming in the Arctic appears 
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amplified when compared to the global trend. Land stations North of 60o show average surface 

temperature has increased by about 0.09oC per decade over the past century (AICA, 2005). 

However, scientific certainty in polar amplification remains unclear (AICA, 2005). 

Temperature increase in the Arctic, however, has not been uniform over this period. While the 

period between 1900 and 1945 showed strong temperature increase, the period between 1946 and 

1965 displayed a negative trend. After 1966, temperatures began to rise again. 

This trend is observable in SW Yukon as well. Several analyses show that northwestern North 

America has experienced the most dramatic warming, and that this warming is most evident in 

the winter and spring (AICA, 2005; Zhang et al., 2000) (Figure 1.2). With warming winters and 

springs, it has been emphasized that the region is not necessarily becoming hotter, but rather less 

cold (Zhang et al., 2000). Yukon specific temperature reconstructions show similar warming 

trends. Dendrochronological reconstructions that span at least 300 years show that some of the 

warmest decades have occurred in the past century, and temperatures in the twentieth century lie 

mostly above the average (Youngblunt and Luckman, 2008; Davi et al., 2003). 

Average temperature normals for the region can be approximated by looking at historical 

climate data compiled by Environment Canada from the Burwash Landing weather station 
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Fig. 13 Trends in precipitation totals from 1950–1998. Units are percent change over the 49-year
period. Grid squares with trends statistically significant at 5% are marked by crosses.
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Fig. 10 Trends in daily maximum temperature from 1950–1998. Units are 8C per 49-year period. Grid
squares with trends statistically significant at 5% are marked by crosses.
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Fig. 10 Trends in daily maximum temperature from 1950–1998. Units are 8C per 49-year period. Grid
squares with trends statistically significant at 5% are marked by crosses.

Figure 1.2. Trends in annual daily maximum temperature (left) and precipitation (right) from 1950–1998. 
Temperature units are 0C per 49-year period, and precipitation units are percentage change over the 49-year period. 

Grid squares with trends statistically significant at 5% are marked by crosses. (Zhang et al., 2000) 
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Fig. 13 Trends in precipitation totals from 1950–1998. Units are percent change over the 49-year
period. Grid squares with trends statistically significant at 5% are marked by crosses.
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(6102’N, 13900’W), between the period 1971 and 2000. The yearly average is -3.80C, with a 

mean winter temperature of -18.50C, and a mean summer temperature of 10.40C. January is the 

coldest month with an average  of -220C, while the warmest month is July with an average of 

12.80C. Extreme temperatures are also apparent (minimum -55.00C, maximum 31.70C), and seem 

to have been most pronounced in the late 1960s.  

1.3.2 Precipitation Trends 

Precipitation across Canada has increased by between 5-35% between 1950 and 1998, with the 

most significant increases occurring in the Arctic (Figure 1.2). Although precipitation totals have 

shown significant increases in all seasons, snowfall has increased more significantly than summer 

precipitation. This is likely due to increased moisture holding capacity of the air due to warming 

temperatures, which allows for more precipitation.  In addition to these increases in precipitation, 

there has also been an increase in the number of extreme events. As such, there has 

simultaneously been an increase in areas affected by extreme dry conditions in the summer.  

(Zhang et al., 2000) 

Precipitation in the area is fairly minimal, due to the cold environment and the rain shadowing 

effect of the St. Elias mountain ranges. Climate normals from Burwash Landing between 1971-

2000 indicate total yearly precipitation is 297.7mm, where 192.1mm is rainfall, and 106.4mm is 

snowfall (Environment Canada, 2012). The summer months are the wettest, with July receiving 

the most precipitation at 66.2mm. The driest months are February to April, with February 

receiving only 6.8mm on average through the whole month.  

1.3.3 Pacific Decadal Oscillation 

The Pacific Decadal Oscillation (PDO) is “a recurring pattern of ocean-atmosphere climate 

variability centered over the mid-latitude North Pacific basin” (Mantua et al., 1997), and affects 

both temperature and precipitation patterns throughout the North Pacific. The PDO may bring 
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some level of explainable variability to climate trends in SW Yukon, and several studies indicate 

its significance in North Pacific climate (AICA, 2005; Mantua et al., 1997; Whitfield et al., 

2010). During warm (positive) phases, temperatures in SW Yukon tend to be slightly warmer, 

particularly in the winter, while the affect on precipitation shows less of a clear trend (Whitfield 

et al., 2010). Precipitation in coastal North Pacific areas, around the Gulf of Alaska, is 

anomalously wet during warm periods, while interior Alaska is anomalously dry, and there seems 

to be no clear pattern in SW Yukon (Whitfield et al., 2010).  

In the past century, the PDO has undergone three distinct shifts. They adhere to the following 

chronology: 1980-1924 cold phase, 1925-1946 warm phase, 1947-1976 cold phase, 1977- (at 

least) mid-1990s warm phase (Mantua et al., 1997).  

Both temperature and precipitation have undergone changes in the past century. Our study will 

investigate if these changes have the potential to impact some sites more significantly than 

others. 
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Figure 2.1 Factors causing macroenvironments. 

CHAPTER 2. LITERATURE REVIEW 

2.1 The Importance of Macroclimates 

While regional, broad scale patterns determine the dominant climate, there is much to be said for 

the importance of more localized variation. Macroclimates are caused by differences in the 

landform mosaic, which depend on geological substrate, surface shape, and relief, but other 

factors, such as proximity to large lakes, also hold potential (Bailey, 2009) (Figure 2.1). 

Geological substrate has perhaps one of the biggest effects on local variation in vegetation. 

Surficial geology affects relief, roughness, soil forming processes, and surface water availability, 

which can vastly influence the type of vegetation present, and further the soil moisture and 

temperatures (Bailey, 2009). Different erosive potentials will allow for soils of different porosity, 

and will therefore have large impacts on soil water holding capacity. The effects of substra on 

soils and vegetation is amplified in cold climates where soil develops much slower (Bailey, 

2009).  
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Plate tectonics and erosion also lead to different surface shapes and relief. These impact local 

temperature, where areas of higher elevation are colder, subjected to either the dry adiabatic lapse 

rate (10C per 100m) or the wet adiabatic lapse rate (about 0.50C per 100m). Additionally, south 

facing slopes in the Northern hemisphere receive more sunlight, raising temperatures by up to 

several degrees compared to their north-facing counterparts (Adams, 2007).  

Moisture availability is also impacted. In mountain areas, relief causes drainage, so areas of 

higher elevation contain less moisture than lower altitudes (Bailey, 2009). Wind patterns caused 

by relief also have the ability to affect rainfall, with the windward slope receiving less rain than 

the lee slopes (Bailey, 2009). Further, evapotranspiration will  be exaggerated on southern and 

western slopes where solar radiation is more direct.  

Proximity to large lakes can also impact climate, creating small scale ocean-continent effects. 

It can moderate temperatures, and cause greater precipitation on the leeward side of the lake. 

The landscape scale variations caused by geological substrate, relief and surface shape, and 

lake proximity thus have a huge potential to impact the temperature and precipitation experienced 

at a given location within a region. These differences are enough to give rise to different types of 

vegetation, environments, and biological niches. 

2.2 Spatial Complexity in the Climate-Growth Relationship 

Studies that looked at different sites within the same general area found conflicting results. While 

certain studies showed strongly incongruent climate-growth relationships over their study sites, 

other studies indicated similar climate-growth relationships over large areas. 

Greisbauer and Green (2012) studied the effects of climate on spruce tree growth at several 

sites across Yukon, and found considerable spatial complexity in climate-growth responses. 

Within the same region, particularly in their study sites in central Yukon, they found that spruce 

tree populations at high and low elevations showed opposite responses to the same climatic 
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variables. They stressed, therefore, that regions must not be delineated by hard boundaries, but 

rather gradations of climate and geography. They also found that certain regions, including 

Kluane Lake and Northern Yukon, correlated more poorly to climate than other regions. They 

suggested that this did not necessarily imply lack of climatic control, but instead reflected the 

extreme nature of these environments that can cause complex and rapid changes over time. 

Overall, they concluded that there existed considerable complexity in climate-growth 

relationships even within a single species in Yukon.  

Zalatan and Gajewksi (2005) conducted a very localized study in the Kluane region, assessing 

climate impacts on tree growth in interior forests, and evaluating the strength and spatial relation 

of ring-width chronologies from several sites in the Shakwak Trench and from the International 

Treering Database. Contrary to Greisbauer and Green (2012), they found that the chronologies 

illustrated large-scale coherence of climate-tree growth response in the area. They thus concluded 

that the trees across the entire Shakwak Trench region are experiencing similar climate 

conditions. However, they still found that there were greater differences between chronologies 

separated by larger distances.  

Sites in BC to central Yukon were studies by Miyamoto et al. (2010)  for climate-growth 

response of three coexisting coniferous tree species. They found that there was significant 

differences between sites. Specifically, they found differences between warm, low elevation sites 

and cool, high-elevation sites.  

Chen et al. (2010) studied the growth response of Douglas-fir to climate throughout western 

North America. Although his study was at a broader scale, it concluded that there were 

significant differences in the climate signals of costal versus interior populations. Griesbauer and 

Green (2010) also studied Douglas-fir growth response to climate, focusing solely on interior 

populations. They, however, concluded that growth patterns were coherent over relatively large 
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distances, and much more in line with large-scale regional climate forcing. Additionally, they 

added that this signal was especially strong in marginal populations.    

From these studies we see that there is disagreement concerning spatial complexity in the 

climate-growth relationships near SW Yukon. Thus, it is not clear whether or not we should 

expect differences across our three sites in tree-growth response.  

2.3 Climate Ring-Width Variables 

2.3.1 Temperature 

Many dendrochronological studies focus on temperature reconstruction using ring-widths, and 

these sensitivities have also been shown to hold true in Yukon (Youngblunt and Luckman, 2008). 

However, higher temperatures can influence growth both positively and negatively. In general, 

high-elevation and cold sites tend to correspond more strongly and positively with increased 

temperature, while lower elevation and/or warm sites corresponded negatively.  

Some studies point to positive temperature-growth relationships. Yongblunt and Luckman 

(2008) reconstructed the maximum June-July temperatures in southwest Yukon over the last 300 

years using spruce tree chronologies from high elevation sites. They found that ring-widths 

related positively to temperature, and explained 46% of the climatic variation during the 

calibration period. Jacoby and Cook (1981) conducted a similar study with trees at a site along 

the Dempster highway, developing a 400-year long tree-ring chronology. They also found ring-

width growth positively  responding to summer temperatures.  Griesbauer et al. (2011) found 

growth at high elevation wet and cold sites related positively to increased winter annual 

temperature for Douglas-fir in British Columbia.  

Conversely, other studies show that increased summer temperature negatively effects tree 

growth, due to temperature induced moisture stress, increasing evapotranspiration from the soil 

and plant tissues (Miyamoto et al. 2010). In a multi-proxy  study, Barber et al. (2000) explored 
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climate-growth relationships in white spruce in interior Alaska, and backed up findings with δ13C 

and maximum latewood density data. They found decreased growth related to warm summer 

monthly temperatures in the year of ring formation, as well as the two years prior.  Griesbauer 

and Green (2012) also found that warmer summer temperatures corresponded to limited growth 

in Yukon.  In the Shakwak Trench area, lower temperature during the growing season tended to 

encourage growth at several sites, although higher winter temperature correlated positively to 

tree-ring growth (Zalatan and Gajewski, 2005). Findings by Wilmking et al. (2004) at treeline 

sites in central Alaska also concur with this, showing that there was a highly significant negative 

relationship between July temperature and ring-width in 40% of trees. However, they also found 

that warm spring temperature enhanced growth of 36% of trees.  

2.3.2 Precipitation 

Around southwest Yukon, most studies appear to conclude that precipitation is a much stronger 

determinate of growth, particularly in more forest environments. Here, decreased precipitation is 

universally congruent with decreased growth, and longer term droughts have significant effects. 

Griesbauer and Green (2012) conclude that the primary climatic limitation to growth for 

spruce tress in Yukon is drought. Zalatan and Gajewski (2005) found that spruce tree growth in 

the Shakwak trench correlated positively to precipitation of the previous autumn, and in very few 

cases the current summer. In Alaska, September to August precipitation of the year before also 

positively correlated with ring-width, although precipitation of the ring formation year was also 

shown to have influence (Barber et al., 2000). For Douglas-fir populations in BC, both Chen et 

al. (2010) and Griesbauer and Green (2010a) found that tree growth responded positively to 

increased precipitation, regardless of their interior versus costal position.  
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2.3.3 Other Climatic Variables 

Certain studies point to other climatic variables that have significant correlations with ring-width 

growth. Griesbauer and Green (2012) concluded that growth was strongly correlated with 

snowfall in central and southern Yukon. This is because snowfall contributes to soil moisture 

during the early period of the growing season (Watson and Luckman, 2002). Spruce bark beetle 

was hypothesized to be related to longer periods of sustained growth in spruce populations, 

however this hypothesis did not hold true (Zalatan and Gajewski 2005). Lastly, ocean-

atmosphere climate systems, specifically the Pacific Decadal Oscillation (PDO), were shown to 

have effects on trees western North America (D’Arrigo et al., 2001; Gray et al., 2003; Holman 

and Peterson, 2006).  Trees tended to grow more during warm phases of the PDO, however cool 

phases related to more extreme growth years both above and below the mean.  

2.4 δ13C in Tree-Rings 

2.4.1 Theory  

The use of stable carbon isotopes in tree-rings is a recent but fast growing application of 

dendrochronology used to reconstruct past environmental conditions (Speer, 2010).  The stable 

isotopes of carbon are 12C and 13C, which are used create δ13C  values for materials, using the 

following equation: 

δ13C   = (Rsample/Rstandard – 1)*1000 

where Rsample and Rstandard are the 13C/12C ratios in a sample and standard, respectively, and units 

for the delta values are permil (‰). The carbon in trees comes from carbon dioxide  (CO2) in the 

atmosphere, and thus is dependant on the ratio of 13C/12C in the atmosphere, which is about – 8‰ 

in relation to the Vienna-PDB standard (Coplen, 1995).  

However, once the CO2 begins to interact with the tree, the values quickly become depleted in 

13C, and are most often found to be between -20‰ and -30‰. McCarroll and Loader (2004) 
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describe how this depletion occurs in two steps. First, when the CO2 diffuses through the stomata 

of the plant, CO2 molecules with the lighter isotope of carbon (12C) are able to diffuse more 

easily than those with the heavier isotope (13C). Thus the inter-cellular air is depleted relative to 

the atmospheric air by about - 4.4‰. The second step occurs when intercellular CO2 interacts 

with photosynthetic enzymes. Because biological processes tend to favour 12C over 13C, the net 

fractionation due to carboxylation is about - 27‰. Thus the overall discrimination against 13C 

during carbon fixation by trees can be expressed as: 

Δ‰ = a + (b – a)(ci /ca) 

where a is the discrimination against 13C during stomatal diffusion, b is the discrimination during 

photosynthesis,  and ci and ca  are intercellular and atmospheric CO2 concentrations (Farquhar et 

al., 1982).  

The variability seen in δ13C isotope values in tree-rings of the same species is dominated by 

the selectivity of photosynthesis, which is controlled by the rate of stomatal conductance 

compared to the rate of photosynthesis (Figure 2.2). The rate stomatal conductance is dependant 

on the relative opening of the stomata, while the rate of photosynthesis is dependant on 

environmental conditions such as irradiance, temperature, or nutrient availability. If the rate of 

stomatal conductance is low relative to the rate of photosynthesis, then the intercellular CO2 

concentrations will be lower, and photosynthetic enzymes will be less selective, resulting in 

increased δ13C values. This can occur either because the relative opening of the stomata are 

small, resulting in a slow rate of stomatal conductance, or conversely, the rate photosynthesis is 

higher, as a result of optimal environmental conditions. The opposite is true for depleted values 

of δ13C, which occur when the rate of stomatal conductance in greater than the rate of 

photosynthesis. This results in a higher intercellular CO2 concentration, allowing photosynthetic 

enzymes to be more selective. This process can be caused by relatively large stomatal openings, 
12 



or poor environmental conditions resulting in slower photosynthesis. Thus, the environmental 

controls on δ13C  in tree rings are ones which control stomatal opening and the rate of 

photosynthesis. (McCarroll and Loader, 2004) 

It is important to understand the “Suess-effect” when discussing δ13C  in tree rings (Keeling, 

1979). Recent anthropogenic increases in atmospheric CO2 have effected the 13C/12C ratio  by 

lowering δ13C  by about 1.5‰ since industrialization (McCarroll and Loader, 2004). This is 

because coal and oil are organic and hence depleted in 13C. However, this can be corrected by 

adding the difference between the atmospheric δ13C  value (for each year), and the standard value 

to the δ13C  of each tree ring, according to the reference created from Antarctic ice cores by 

Francey et al. (1999). The standard in this case would be –6.4 ‰, which is the pre-industrial δ13C  

value for the atmosphere (Francey et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Ehleringer and Vogel, 1993). All of the trees used in
dendroclimatology belong to the C3 group (meaning
that the first photosynthetic product contains three
carbon atoms), so the others (C4 and CAM) will not be
considered here. The ratio of 13C to 12C in the carbon
dioxide of air currently yields a d13C value of about
!8% (VPDB). The leaves and wood of trees, however,
yield much lower values (!20% to !30%), demonstrat-
ing that trees are depleted in 13C relative to air. This
change in ratios from a source to a product is known as
fractionation, and the degree of fractionation is
controlled to some extent by the response of the tree
to its environment.

Molecules of H2O are smaller than those of O2 or
CO2, so membranes that allow gas exchange are also
permeable to water. Land plants have evolved water-
proof coatings and internalised their gas exchange
surfaces, so that air enters the leaf through pores called
stomata, which can be constricted by guard cells to

reduce moisture loss. Carbon gain and moisture loss are
thus intimately related. The carbon dioxide in the
internal air can move into solution and becomes
available to the photosynthetic enzymes that use sun-
light to produce sugars. During this transition from
external air to leaf sugars there are two main points at
which carbon isotopic fractionation occurs.

When air diffuses through the stomata, the carbon
dioxide molecules that include the lighter isotope of
carbon are able to diffuse more easily than those
including the heavier isotope, simply because as
molecules bounce off each other the lighter ones bounce
furthest. The net effect is that internal air is depleted in
13C relative to ambient air, resulting in a ‘fractionation
due to diffusion’ of !4.4% (Fig. 2). If the stomatal
opening is extremely small (p0.1 mm), collisions with
guard cells become important and fractionation is much
higher, but this is only likely to occur in species with a
high frequency of very small stomata such as citrus trees

ARTICLE IN PRESS

Fig. 2. Diagram of a needle-leaf tree showing the main controls on the fractionation of carbon isotopes and the environmental factors that influence
them. The equations are explained in the text.

D. McCarroll, N.J. Loader / Quaternary Science Reviews 23 (2004) 771–801774

Figure 10 

Less Selective Photosynthesis 
� when there is a low intercellular CO2 concentration 

� because Rate of Stomatal Conductance < Rate of Photosynthesis 
Because of: 
- closed stomata (! slow rate of stomatal conductance) 
- optimal environmental conditions (! fast rate of photosynthesis) 

More Selective Photosynthesis 
� when there is a high intercellular CO2 concentration 

� because Rate of Stomatal Conductance > Rate of Photosynthesis 
Because of: 
- open stomata (! fast rate of stomatal conductance) 
- poor environmental conditions (! slow rate of photosynthesis) 

STRESS 

STRESS 

!13C 
Values -20.7 

-18.5 

-22.5 

Figure 11. What !13C isotope values indicate. Isotope values suggested relate specifically to this 
study, and do not reflect overall !13C isotope trends. Figure 2.2. Significance of δ13C isotope values. Isotope values suggested relate specifically to this study. 
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2.4.2 δ13C as an Environmental Proxy  

The isotopic composition of carbon in tree-rings is used the reconstruct past environmental and 

climate conditions. Environmental conditions that affect δ13C  values are those that control 

stomatal conductance and photosynthetic rate. Gagen et al. (2004) explain that where moisture 

stress is limiting, δ13C  values are controlled by relative humidity and antecedent precipitation. 

However, where trees are not moisture stressed, δ13C  values are more controlled by solar 

irradiance and temperature (McCarroll and Loader 2004). In most cases, however, it is important 

to recognize that not one, but several factors play a role at controlling variations in δ13C .  

There are few studies that have investigated the climatic relationship between tree-ring 

isotopes and climatic variables in northwestern America, however they still provide insight into 

what environmental parameters may be important in our study. Porter et al. (2009) studied the 

climatic signals in δ13C  and δ18O of tree rings from white spruce in the Mackenzie Delta region. 

They found strong positive correlations between δ13C  and maximum summer temperatures, and 

concluded that this was likely related to temperature induced drought stress on stomatal 

conductance. They also found that mean summer relative humidity correlated inversely with 

δ13C. Tardif et al. (2008) studied the climate signal in white spruce near Churchill, and found that 

δ13C  signals best reflect overall growing season temperatures, while having little association 

with precipitation, relative humidity or the drought index. They did, however, also find that there 

were small but significant correlations between δ13C  and ring-width residuals. Edwards et al. 

(2008) studied tree-ring isotopes in the Columbia Icefields and the eastern Rocky Mountains, and 

found that δ13C  helped them reconstruct growth reason relative humidity.  

2.5 Temporal complexity of climate-growth relationships  

There has recently been a focus in literature on the issue of temporal complexity, where several 

studies are showing a changing climate-growth response over time (D’Arrigo et al., 2008). In 
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northern America, some studies show this trend, while others do not. Griesbauer and Green 

(2012) found that populations they studied have gradually become more sensitive to precipitation 

while reducing their response to temperature. This may be due to recent warming trends, 

reducing temperature stress. Briffa et al. (1998) also found decreased sensitivity of northern high-

latitude trees to temperature. Wilmking et al. (2004), suggest an strengthening climate-growth 

relationship after 1950, and Youngblunt and Luckman (2008) find in some chronologies a 

strengthening in the past 25 years. Other studies, however, concur that there has not been a 

change in sensitivity of tree-growth with time; instead populations exhibit temporal stability 

(Barber et al., 2000; Youngblunt and Luckman, 2008). 

2.6 Potential Effects of Future Climate Change 

Due to the spatial and temporal variability, along with the complex climate-growth relationships 

that conifers exhibit in northwestern America, spruce trees in the area will likely have varying 

and complicated responses to climate change in the future (Griesbauer and Green, 2012; 

Miyamoto et al., 2010). Climate change is expected to have an effect on tree growth because it 

can alter growing season length, growing degree-days, soil moisture availability, and other 

climate-related factors important to tree growth (Davis & Shaw, 2001). Which trees are better 

adapted to dealing with changing climate is also under debate. Populations in stressed 

environments may be more vulnerable due to their already marginal living conditions, which may 

have reduced their vigour and resiliency (Griesbauer and Green, 2012). However, stressed 

populations may also be better adapted to marginal environments, and thus have the genetic 

capacity to withstand harsher environments (McLane et al., 2011; Griesbauer and Green, 2012). 

Only Zalatan and Gajewski (2005) concurred that climate change would affect trees in a similar 

way in the Shakwak Trench. 
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CHAPTER 3. METHODS 
3.1 Site Selection Philosophy and our Study Sites  

Site selection is the first key to a successful dendroclimatology study. Choosing appropriate sites 

will result in finding trees that show ring-width variability, indicating stress on growth. For our 

study, we applied targeted sampling in all aspects of site selection and tree selection. Sites were 

chosen on the basis of different hypothesized stressors, and trees were selected that appeared 

particularly prone to the stressor of each site.  Their location can be seen in Figure 1.1, while 

images of each site can be seen in Appendix A. Descriptions follow. 

3.1.1 The Burwash Quill Site (Cold) 

 The Burwash Quill site (BQ) was located in the Kluane Ranges west of Kluane Lake, along the 

Nickel Creek valley (61°27'N, 139°32'W). Samples were obtained at elevations between 1142m 

and 1379m. The site was chosen as a moist subalpine area, with the hypothesized stressor being 

temperature. The site was near treeline, but still below so as to capture older individuals. 

Permafrost is found less than a meter below ground around many trees. Surface soil moisture did 

not seem to be limiting and a thick layer of moss prevailed across the site.  

3.1.2 The Cultus Grassland Site (Dry)  

The  Cultus Grasslands site (CG) was located on the east side of Kluane lake, on the west flank of 

the Ruby ranges (61°10'N, 138°26'W). Samples were collected at elevations between 801 and 

1131 m. The site was chosen as a dry area, and the hypothesized stressor was rainfall or moisture. 

Insufficient moisture was evident by the lack of moist moss cover, compared with BQ. Instead, 

dry grassland vegetation or bare, sandy ground prevailed.  

3.1.3 The Alsek river Valley site (Windy) 

Alsek River Valley (AV) is located at the outlet of a valley, up river from Dusty and Lowell 

glaciers, in the Kluane Ranges (60°46'N, 137°44'W). Samples were collected between 636 and 
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738 m. Although there was no exact climate related stressor we associated with this site, strong 

winds were hypothesized to play a role in tree growth and development.  It was evident from all 

of the trees that we sampled that strong winds were coming down the valley, and had been 

effecting their growth for years, as they all displayed flagging. Vegetation in this area was not 

quite as evidently dry as CG, but not was it as moist as BQ.  

3.2 Field Methods and Tree Sampling 

Field work was undertaken during the month of July, summer 2011. Picea glauca (White spruce) 

was chosen as a tree to sample, because it is the primary tree growing in the region, and has 

successfully been used in many other dendrochronological studies in the region (Danby & Hik, 

2007a; Youngblunt & Luckman, 2008). For all trees, we sampled at breast height so as to get the 

clearest climatic signal (Speer, 2010).  

At BQ, we spent three consecutive days sampling around the lower limit of treeline. A total of 

35 trees were sampled on both north and south facing slopes, which appear to have significant 

differences in terms of vegetative cover and tree growth. We targeted trees that looked especially 

old or stressed, in order to maximize ring-series length and capture the strongest climatic signals. 

For some trees, especially dead ones, we obtained stem cross sections (disks). For others, we 

removed two or more cores, at 90 degrees from one and other. 

We spent several days sampling a total of 37 trees at CG, from both grassland sites and from a 

mountain slope. Four grassland sites were chosen, and trees near or at the perimeter of the 

grassland were sampled. In certain rare occasions, we found single or small groups of trees 

growing clearly within the boundaries of the grasslands, and sampled those. We also sampled 

from a mountain slope that looked particularly dry, from a few clusters of spruce trees and a few 

isolated individuals. This method of selective sampling was undertaken, because we 

hypothesized that trees at the perimeter or in isolated clusters were under the most stress. 
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At AV, we spent a total of two days sampling 16 trees. Fewer trees were chosen at this site 

because we felt it was less important than our other two sites in terms of it climatic dependence.  

When sampling, we stayed on the face of the hill, directly at the opening of the valley, that was 

subject to the strongest winds, and sampled only trees where there was a clear indication of wind 

stress. Trees were sampled by taking at least two cores from each tree, one parallel the wind, and 

another perpendicular. 

Lastly, it should be mentioned that we did not discriminate against spruce bark beetle outbreak 

areas. We sampled trees that had been both affected by infestation and that had not. Because it is 

unlikely that such outbreaks affected the climatic signal for the tree before the invasion of the 

spruce bark beetle, we still decided that these sites and trees would be valuable for analysis. We 

did, however, remove the last five years of rings in our analysis if the tree was killed by spruce 

bark beetle infestation. Additionally, we feel it is unlikely that such outbreaks affected other trees 

that we sampled, since our sampling often consisted of isolated stands or trees at their climatic 

boundaries, and thus were not subjected to reduced competition due to death of other trees. 

3.3 Laboratory Methods - Dendrochronological Analysis 

Once back in the laboratory, we began by mounting cores. Cores were removed from their straws 

and glued onto wooden core mounts, taped, and allowed to dry. Following this, both cores and 

disks were sanded on progressively finer sand paper. Grits began at 80, followed by 120, 180, 

220, 260, 400 and finally 600. Final samples were smooth with clearly visible rings. 

After samples were prepared, cross-dating and ring width measurement was undertaken. 

Digital analysis using WinDendro (Regent Instruments Inc., Quebec, QC, Canada) was used 

when rings were easily distinguishable by visual inspection. For the remaining samples, we used 

a stereomicroscope and Velmex linear sliding stage with a digital encoder (Velmex Inc. 

Bloomfield, New York), captured in MeasureJ2X. Crossdating was aided by using graphical 
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constructions on WinDendro and Microsoft Excel, and was verified using COFECHA software 

(Laboratory of Tree-Ring Research University of Arizona, Tuscon, Arizona, USA).  

Following ring measurement and cross-dating, individual series exhibiting poor correlation 

with the rest of the samples at each site were removed from further analysis. Where more then 

one sample existed for a single tree, the sample with the strongest correlation was chosen. Weak 

correlations may indicate very localized disturbances, for instance a rock shading the tree. Thus, 

such data would detract from developing overall trends for the site. The final lists were thus built 

from 20 trees at BQ, from 25 trees at CG, and from 11 trees at AV.  

Once all series had been finalized, standardization of each series was undertaken for each 

sample using ARStan (OSX version 10.5; Cook, 1985). Interactive detrending was undertaken, to 

ensure proper fit of curves to ring-width data. Mostly, negative exponential curves and liner 

regression curves were used. In cases that showed a positive growth trend, the horizontal mean 

curve was used. ARStan also normalized the data and consolidated them into master chronologies 

for each site.  

3.4 Laboratory Methods - δ13C Isotope Analysis 

The method for determining δ13C  values is composed of three primary steps, including sample 

dating and ring isolation, cellulose extraction, and isotope measurement. Analysis began by 

identifying several of the best cores. Selection was narrowed down to two cores from BQ, and 

one core from each of CG and AV. It was important to have at least one core from each site, but 

in addition two cores were chosen from BQ to be able to analyze the difference between intra-site 

versus inter-site variations.  

Once cores were identified, they were then unpackaged and crossdated using a 

stereomicroscope and the Velmex  linear sliding stage and  digital encoder. Because all the cores 

had at least one other sample from the same tree, the cores chosen for isotope analysis were first 
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compared with the ring-width measurements from their sister core, and then compared to the 

master chronology for the site to ensure coherence. Then, single rings from each core were 

isolated using the stereomicroscope and razor blade at about five year intervals, as well as certain 

target years where interesting growth patterns occurred (namely 1972, 1958, and 1952). Rings 

were placed into polypropylene tubes, and labeled with their tree ID and year. 

The next step involved turning the whole-wood into α-cellulose. We used the Brendel method 

(Brendel et al., 2000), and modification as suggested by Gaudinski et al. (2005).  We first soaked 

the samples in water overnight, and sonicated them for at least 20 minutes in order to loosen up 

fibers. Samples were then ground using a pestle and mortar, and occasionally aided by using 

liquid nitrogen. Ground samples were treated with nitric acid, heated, rinsed with ethanol and de-

ionized water, treated with sodium hydroxide, and then rinsed several times to arrive at α-

cellulose. A detailed description of the cellulose extraction methods is presented in Appendix B.  

Isotope concentrations of the α-cellulose for each tree-ring is determined using instruments at 

the Queen’s Facility for Isotope Research.  About 0.4mg of cellulose was weighted into tinfoil 

capsules, and then analyzed using the ThermoFinnigan Delta XP Plus with a Costech Elemental 

Analyzer interface. Precision and accuracy was determined using  UC1 and QC carbon standards.  

The last step was to adjust isotope values for the Suess-effect. This was done using values 

from the table provided by McCarroll and Loader (2004), which gave values until 2003. For the 

year 2006 and 2009, data was interpolated as suggested by the paper, with values increasing by 

0.0281 permil per year. Delta values were then simply added to the tree-ring isotope data. This 

resulted in a horizontal straightening of the isotope trend over time. 
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3.5 Climate Data Aggregation 

For this study, it was important to be able to capture climate trends in the Kluane region. Due to 

our desire to understand climate patterns throughout the area, and also due to the poor collection 

of data from the area, we aggregated climate data collected at up to three separate stations: 

Burwash Landing, Haines Junction, and Whitehorse A.  Monthly averages were only available 

until 2007 from Environment Canada; thus our climate data stops in this year. Haines Junction 

data is fairly reliable from 1945 through to the mid 1980s, however thereafter has long periods 

where no data is collected, interrupted by a few years or months of data. At Burwash Landing, 

data wasn’t collected until 1966,  however is consistently reliable after that point. Data has been 

collected at Whitehose A since 1942, however between 1996 and 1998 there were several months 

where no data was available. (Environment Canada, 2012). 

Data was compiled from historical climate data found on the Weather Office of Environment 

Canada (Environment Canada, 2012).  However, as explained above, there were gaps in the time 

span of the data from the three sites. To account for this in the temperature data, simple linear 

regressions between stations was used model for the gap years, using data from the other two 

sites if possible, otherwise using data from only one site. Data was then averaged over the three 

sites to create a “Total” average of temperature in the area.  

Precipitation is less spatially coherent than temperature (Luckman, 2007). Thus, 

reconstruction of precipitation relied only on Burwash Landing and Haines Junction precipitation 

data (i.e. not Whitehorse). Also, due to this variability, the “Total” was constructed differently. It 

consists of purely Haines Junction precipitation prior to 1966, then an average of precipitation 

data from Burwash Landing and Haines Junction for the period of 1966-1983, and then is purely 

Burwash Landing precipitation data after 1983. Thus, long term modeling of precipitation was 

not conducted. However, gaps were filled if there were select months of missing data within 
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these periods. This was done by modeling the precipitation trend for the season (snowfall in the 

winter, rain in the summer) using a polynomial curve to the second order, as seen in Figure 3.1. 

The curve formula was then used to derive with a value for the missing month. This type of 

yearly trend was chosen over a temporal average of the month to better reflect yearly variance in 

precipitation.  

PDO data was simply downloaded from the PDO Index created and updated monthly by 

Nathan Mantua (Mantua, 2012). These values are derived from monthly sea surface temperature 

anomalies in the North Pacific Ocean poleward of 200N. Monthly mean global average sea 

surface temperature anomalies are removed from these trends in order to remove the pattern of 

global warming from the data.  

3.6 Climate-Growth Statistical Analysis 

Statistical analysis was conducted using Pearson’s bivariate correlation tables in SPSS version 20 

(IBM, Armonk, New York, USA). Prior to this, however, climate data was aggregated into 

groups that had potential significance for ring width growth, seen in Table 3.1.  

Figure 3.1 Example of how 
missing precipitation data 
was filled. Actual 
precipitation for the seasons 
is shown by the blue line. The 
black line is the model 
(second order polynomial 
curve), and used to fill in any 
gaps. In this case, there was 
a gap at month 10, which 
was modeled by the curve.  
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In addition to grouping climate data according to seasonal trends, it was also separated by 

station. For both temperature and precipitation data, the average from all sites was correlated for 

years between 1945 and 2007, while data purely Burwash Landings was correlated between 

1966-2007, and data purely from Haines Junction was correlated between 1945 and 1983.  

Once data was grouped, it was imported into SPSS, and the following bivariate correlations 

were computed: Inter-site Correlation (between 1850-2011), PDO Correlation (1900-2010), 

Current Year Precipitation Correlation (for Burwash Landing, Haines Junction, and Total), 

Previous Year Precipitation (for Burwash Landing, Haines Junction, and Total), and Current 

Year Temperature (for Burwash Landing, Haines Junction, and Total). Two-tailed significance 

tests were also computed, and flagged (below alpha of 0.05, and below alpha of 0.01). 

Temperature 
Yearly Average for the year, January – December 
Winter Average for the winter, December – February 
Expanded Winter Average for the winter, November – March 
Spring Average for the spring, March – May 
Summer Average for the summer, June – August 
Fall Average for the Fall, September – November 
May Average for May  
July Average for July  
Jan Average for January  
Precipitation 
Fall  Total precipitation from September - November 
Summer Total precipitation from June - August 
June/July Total precipitation in June and July 
Spring  Total precipitation from March - May 
Winter Total precipitation from December - February 
Yearly Total Total precipitation from September of previous year to August of current year 
Snow Total Snow of the Winter before the growing season of the year, from September - May 
Summer Rain  Total Summer Rain of during the growing season of the year, from April - October 
 

Table 3.1 Months aggregated into different groups, used for analysis. 
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CHAPTER 3. RESULTS 
3.1 Ring-width Results 

3.1.1 Chronology Development 

Correlation among the ring-width series selected for analysis was good, comparable to the 

average series inter-correlation for the species of 0.55 (NOAA, 2012). At BQ, the total series 

inter-correlation was 0.554, with average segment correlations ranging from 0.48 to 0.63. At CG, 

the total series inter-correlation was 0.701, with average segment correlations ranging from 0.54 

to 0.75. At AV, the series inter-correlation was 0.560, with average segment correlations ranging 

from 0.23 to 0.71. Summary of results can be seen in Appendix C. 

Inter-sample correlation varied temporally and between sites. Correlations were generally 

weaker in earlier years, reflecting growth-related effects inherent in the data prior to 

standardization. Correlation was strongest at CG and weakest at AV. Final ring width 

chronologies as given by ARStan are seen in Figure 3.1.  

3.1.2 Inter-site Patterns 

Overall Trends: 1850-2011 

Over the period of 1850 to 2011, AV and CG correlate well (r=0.455) and significantly (p <0.01),  

however, neither site correlates strongly or significantly to BQ (Table 3.1). Still, AV correlates 

better with BQ, with a weak (r=0.183) but significant (p<0.05) correlation. BQ and CG show no 

significant correlation.  

Overall site trends can be seen graphically in Figure 3.2. BQ corresponds poorly to AV and 

CG, although there are other similarities and differences in the data. During the period of larger 

ring widths at AV and CG between 1890 and 1910, ring-widths were still below average at BQ. 

Ring-widths at CG peaked around 1915, and this peak was not observed at either of the other two 

sites. In the late 1930s, CG and BQ matched in their pattern of larger ring-widths, however this 
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Figure 3.1. 
ARStan outputs 
for (a) BQ, (b) 
CG, and (c) 
AV. Figures 
show the 
aggregates of 
raw ring-width 
measurements 
in the top 
graph, the 
standardized 
indices in the 
middle graph, 
and the number 
of samples used 
to create the 
indices in the 
bottom graph. 

c. 

b. 

a. 
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was not emulated by AV. Between the 1950s and the 1970s, trees at BQ experience enhanced 

growth, while trees at AV and CG grew less then average. From the mid 1970s to the mid 1980s 

there was little similarity between sites. Since then CG and AV have remained remarkably 

synchronous until present, including a strong reduction in growth during the early 2000s. 

Meanwhile, BQ exhibited relatively uniform growth without the large fluctuations seen at the 

other two sites. Another noticeable trend is a general decrease in growth at BQ since the peak in 

the 1950s. 

Figure 3.2. Five-year moving average of standardized ring width indices. The green, red, and blue lines 
represent BQ, CG, and AV, respectively. While there are some similar trends, BQ clearly stands out. 

 
 
 
 

 Mean Std. Deviation N 

AV .99481 .214273 162 

BQ 1.00073 .177567 162 

CG .99297 .237343 162 

 

 

 

 

 
 

 AV BQ CG 

Pearson Correlation 1 .183* .455** 

Sig. (2-tailed)  .019 .000 

AV 

N 162 162 162 

Pearson Correlation .183* 1 .147 

Sig. (2-tailed) .019  .062 

BQ 

N 162 162 162 

Pearson Correlation .455** .147 1 

Sig. (2-tailed) .000 .062  
CG 

N 162 162 162 

 
 

 

 

 

 

Table 3.2.  Descriptive Statistics for the three sites. AV is Alsek Valley, 
BQ is Burwash Quill, and CG is Cultus Grasslands. 

Table 3.3.  Correlations between the three sites. AV is Alsek Valley, BQ is Burwash Quill, and CG is Cultus Grasslands. Light grey 
signifies weak significant correlations, dark grey signifies strong significant correlations. * flags correlations that are significant at the 0.05 
level for a 2-tailed test, while ** flags correlations that are significant at the 0.01 level. 

Table 3.1. Correlations between the 
three sites. Light grey signifies weak 
significant correlations, dark grey 
signifies strong significant 
correlations. * flags correlations  
where p<0.05, ** flags correlations 
where p<0.01 
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Marker Years 

Inter-site differences and similarities are particularly noticeable when marker years are examined 

(Figure 3.3, Table 3.2).  From visual inspection of the graph, we see that sharp peaks and dips at 

each of the three sites, although sometimes related, often also show opposite trends. Peaks and 

dips at CG and AV are more often not matched in line, while BQ shows the least agreement. 

In Table 3.2 we see a numerical list of marker years. Marker years in this table were identified 

using COFECHA outputs, as years that were either 1.5 deviations above or below the mean. BQ 

only had two marker years that corresponded to marker years at other sites. CG and AV had three 

marker years that were the same at both site. However, considering the whole list of marker 

years, these similarities are few. 

Narrow Marker Years Wide Marker Years 
BQ CG AV BQ CG AV 

1872 1869 1862 1862 1855 1890 
1887 1870 1869 1863 1882 1892 
1904 1872 1879 1905 1896 1923 
1910 1889 1895 1918 1905 1947 
1912 1924 1909 1923 1915 1979 
1941 1929 1952 1946 1937 2009 
1949 1952 1972 1948 1976  
1963 1958 1973 1971 2009  
1970 1983 1984 2006   
1984  1999    
1988  2000    
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Year (AD)!Figure 3.3. Standardized ring width indices. The green, red, and blue lines represent BQ, CG, and AV sites, 
respectively. The black arrows point to example years where there are clear differences in growth From this 
graph it is evident that although there is some overlap in marker years, there are also significant differences. 

Table 3.2. Narrow and wide marker years, as 
identified by COFECHA as being +/- 1.5 
from the average. Coloured values represent 
years that correspond between the sites. It can 
be seen that marker years correspond very 
poorly between sites. 
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Trends in Correlation over Time  

There are significant changes in the correlation between the sites over time (Figure 3.4). From 

1850 to 1900 there was significant and positive correlation between all sites. However, this inter-

site correlation gradually declined over time, with the exception of a strong increase in inter-site 

correlation between CG and AV after 1975. The most marked result is the steep decline in 

correlations between BQ and both of the other sites after about 1950. Correlations between BQ 

and CG become insignificant as early as the 1900 to 1950 window, however remain significant at 

AV until the 1950-2000 windows.  

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

1850-1900 1875-1925 1900-1950 1925-1975 1950-2000 1975-2011

In
te

r-
si

te
 C

or
re

la
ti

on


Time Window

BQ-CG BQ-AV CG-AV

Figure 3.4. Change in Inter-Site correlation over time. Full circles indicate relationships that are statistically 
significant p<0.05, while empty circles imply statistical insignificance. It is notable to see the decline in inter-site 

correlation between BQ and both of the other sites over time. 
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3.1.3 Climate Correlations 

Sites showed unique correlations to temperature and precipitation variables, however none 

showed strong or significant correlations to the PDO index. Thus, the PDO index has been 

omitted from further discussion. 

Burwash Quill 

BQ respond to temperature the most, showing a negative relationship with winter temperature 

and overall yearly temperature. It shows only poor correlations with precipitation with both 

current and previous year precipitation (Figure 3.5). 

The strongest climate ring-width relationships were for temperature, where there was negative 

correlations to both winter temperatures and overall yearly temperatures. The correlations were 

the strongest with data from the Burwash Landing weather station. Here, statistically significant 

results (p<0.01) were found for five cold temperature months – yearly average, winter, expanded 

winter, January, and spring. Summer temperatures show a positive relationship with BQ ring-

width, however this relationship is weak and not significant.  

There are a few slightly significant relationships between current year precipitation averages 

for the area and BQ ring-widths. Ring-widths correlate negatively to summer and June-July 

precipitation, as well as summer rainfall. It also correlates significantly to autumn precipitation at 

Haines Junction. However, there are no strong or significant correlations between BQ ring-widths 

at Burwash Landings precipitation.  Although relationships to winter precipitation is positive, 

these relationships are neither strong or statistically significant.  

There is only one variable at one weather station that shows a statistically significant 

relationship between BQ ring-widths and previous year precipitation – Haines Junction winter 

precipitation. This could be a chance occurrence. Overall, relationships are extremely 

insignificant statistically, and show very low correlations. 
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Figure 3.5. BQ ring-width correlations to climate at (a) the average of the weather stations in the area, (b) the 
Burwash Landing weather station, and (c) the Haines Junction weather station. Solid bars represent statistical 
significance p<0.01 level, while semi-solid bars represent statistical significance p<0.05. Blank bars represent 
correlations that are not statistically significant.  

Previous Year Precipitation Current Year Precipitation Temperature 

(a) Regional Average  

(b) Burwash Landings Weather Station 

(c) Haines Junction Weather Station 
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Figure 3.6. CG ring-width correlations to climate at (a) the average of the weather stations in the area, (b) the 
Burwash Landing weather station, and (c) the Haines Junction weather station. Solid bars represent statistical 
significance p<0.01 level, while semi-solid bars represent statistical significance p<0.05. Blank bars represent 
correlations that are not statistically significant.  

Previous Year Precipitation Current Year Precipitation Temperature 

(a) Regional Average  

(b) Burwash Landings Weather Station 

(c) Haines Junction Weather Station 
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Figure 3.7. Alsek Valley ring-width correlations to climate at (a) the average of the weather stations in the area, 
(b) the Burwash Landing weather station, and (c) the Haines Junction weather station. Solid bars represent 
statistical significance p<0.01 level, while semi-solid bars represent statistical significance p<0.05. Blank bars 
represent correlations that are not statistically significant. 
 

Previous Year Precipitation Current Year Precipitation Temperature 

(a) Regional Average  

(b) Burwash Landings Weather Station 

(c) Haines Junction Weather Station 
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Cultus Grasslands 

CG shows very poor correlation with any climatic variables, although it appears slightly more 

correlated with certain precipitation variables, while not being at all correlated with temperature 

(Figure 3.6). 

CG shows very weak and insignificant correlations with any temperature variable, at any 

weather station. Significance values range from p=0.322 to p=0.995, showing the low 

confidence. Further correlations are also very weak, ranging between -0.165 to 0.203. 

This site is also very weakly and insignificantly correlated with current year precipitation, 

although less so then temperature. There is one statistically significant (p< 0.05) variable at the 

Haines Junction weather station – June and July precipitation. In general, correlations are quite 

weak, and mostly show positive relationships. 

There appears to be the most correlation between previous year precipitation and CG, although 

even these relationships are relatively weak. There are five statistically significant (p<0.05) and 

positive correlations, relating to summer and yearly precipitation.  Correlations to winter, spring, 

and autumn precipitation is very weak and insignificant. Overall, correlations remain weak. 

Alsek Valley 

Alsek Valley correlated most strongly to precipitation values from the previous year. However 

also showed statistically significant correlations with current year average precipitation, and 

weak positive correlations with spring temperatures (Figure 3.7). 

For temperature, spring appears to correlate the most to ring-widths at this site, however these 

relationships are never very strong. Average spring temperature at Haines Junction and for the 

regional average correlate positively to ring-width, while May temperatures at Burwash Landings 

and for the regional average correlate positively.  
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Only yearly average precipitation at the Haines Junction weather station correlated 

significantly with ring-width data. However, this relationship was very statistically significant 

(p<0.01), and quite strong (r=0.501).  

Autumn and summer, along with yearly averages and summer rain correlated most strongly 

with increased ring-width growth. Spring precipitation was as correlated, although less 

significantly. Correlation were strongest between Haines Junction precipitation data and the site, 

which is logical given that it is the closest weather station to the site (about 15km away).  

3.2 Isotope Results 

Isotope values were within the expected range for the species. They initially showed a depletion 

in δ13C overtime, which was expected due to anthropogenic increased in CO2 concentration in the 

atmosphere. Since coal and oil are of organic origin, they are depleted in 13C, which has lowered 

the δ13C value of air by about 1.5‰ since industrialization (McCarroll and Loader 2004). This 

was successfully removed, however, using McCarroll and Loader (2004) adjustments. Final 

corrected results can be seen in Figure 3.8. 

3.2.1 Inter-Sample Correlations 

Samples from the three sites correlated insignificantly with each other, except for the two 

samples at BQ, as seen in Table 3.3, and confirmed by visual inspection of  Figure 3.8. This is 

expected, because these two samples are from the same site. However, although the relationships 

are not significant (likely due to low sample number (n)), there is much more indication of 

correlation between BQ and CG in isotope values then there was in ring-width values. This is not 

the case with AV. Overall, AV correlates to poorest and more statistically insignificantly.  

Through visual inspection of Figure 3.8 we see different trends in anomalously isotope values 

between sites. The grey box in Figure 3.8 shows the normal range within which isotope values 

should lie. Values outside this box show years in which the trees showed signs of stress through 
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Figure 3.8. Corrected δ13C values over time (adjusted for the Suess effect). Green lines represent samples at BQ, 
the red line represent CG, and the blue line represent AV. The grey box shows the normal range of values within 
which the normalalcy is assumed. Deviations outside this box indicate the tree is showing signs of stress. 

ISOTOPE Results 

Sample Intercorrelation (n=16) isoBQ32 isoBQ25 isoAV11 isoCG30 

Pearson Correlation 1 .620* -.043 .433 isoBQ32 

Sig. (2-tailed)  .010 .873 .094 

Pearson Correlation .620* 1 .036 .372 isoBQ25 

Sig. (2-tailed) .010  .895 .156 

Pearson Correlation -.043 .036 1 .156 isoAV11 

Sig. (2-tailed) .873 .895  .563 

Pearson Correlation .433 .372 .156 1 isoCG30 

Sig. (2-tailed) .094 .156 .563  
 
Sample To Sites (n=16) 

AV BQ CG 

Pearson Correlation .181 .414 -.205 isoBQ32 

Sig. (2-tailed) .503 .111 .447 

Pearson Correlation .195 .164 -.331 isoBQ25 

Sig. (2-tailed) .470 .544 .210 

Pearson Correlation -.690** -.057 -.439 isoAV11 

Sig. (2-tailed) .003 .835 .089 

Pearson Correlation -.191 -.379 -.559* isoCG30 

Sig. (2-tailed) .479 .147 .024 
 

PDO (n=16) PDO 

Pearson Correlation .118 isoBQ32 

Sig. (2-tailed) .663 

Pearson Correlation .191 isoBQ25 

Sig. (2-tailed) .478 

Pearson Correlation -.242 isoAV11 

Sig. (2-tailed) .366 

Pearson Correlation .433 isoCG30 

Sig. (2-tailed) .094 
 
 

Table 3.3. Inter-sample correlations, and their statistical significance. Light grey signifies weak significant 
correlations.* flags correlations that are significant at p< 0.05 
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anomalous δ13C values. BQ tends to remain the most stable over time, with the biggest anomaly 

in 1972, and another smaller one in 1958. However, variations at CG and AV are much more 

pronounced. AV tends frequently to be enriched in δ13C compared to normal, showing major 

spikes in 1952, 1972 and 1996. Meanwhile CG tends on the side of more frequent depletion in 

δ13C, showing major dips in 1946 and 1976. CG does show several spikes as well, notably in 

1958 and 1996, however these spikes are less pronounced then for at AV. Lastly, the severe 

spikes and dips at each of the sites often occur in different years. The only two years where 

anomalies do correlate with each other are 1958, when both BQ and CG show an enriched spike, 

and 1996, when AV and CG show an enriched spike. The year 1972 also has strong anomalies at 

BQ and AV, however the direction of these anomalies is opposite.  

3.2.2 Isotope to Ring-Width Correlations  

There is significant negative correlation with ring-width and isotope values at both CG and AV, 

however the relationships are not significant at BQ (Table 3.4). Although the results are not 

strong at BQ, there is still a positive relationship between δ13C values and ring-widths, which 

contradicts the results from the other two sites. 

ISOTOPE Results 

Sample Intercorrelation (n=16) isoBQ32 isoBQ25 isoAV11 isoCG30 

Pearson Correlation 1 .620* -.043 .433 isoBQ32 

Sig. (2-tailed)  .010 .873 .094 

Pearson Correlation .620* 1 .036 .372 isoBQ25 

Sig. (2-tailed) .010  .895 .156 

Pearson Correlation -.043 .036 1 .156 isoAV11 

Sig. (2-tailed) .873 .895  .563 

Pearson Correlation .433 .372 .156 1 isoCG30 

Sig. (2-tailed) .094 .156 .563  
 
Sample To Sites (n=16) 

AV BQ CG 

Pearson Correlation .181 .414 -.205 isoBQ32 

Sig. (2-tailed) .503 .111 .447 

Pearson Correlation .195 .164 -.331 isoBQ25 

Sig. (2-tailed) .470 .544 .210 

Pearson Correlation -.690** -.057 -.439 isoAV11 

Sig. (2-tailed) .003 .835 .089 

Pearson Correlation -.191 -.379 -.559* isoCG30 

Sig. (2-tailed) .479 .147 .024 
 

PDO (n=16) PDO 

Pearson Correlation .118 isoBQ32 

Sig. (2-tailed) .663 

Pearson Correlation .191 isoBQ25 

Sig. (2-tailed) .478 

Pearson Correlation -.242 isoAV11 

Sig. (2-tailed) .366 

Pearson Correlation .433 isoCG30 

Sig. (2-tailed) .094 
 
 

Table 3.4. Statistical correlations and significance between δ13C isotope values and  ring-width chronologies 
their respective sites.   Light grey signifies weak significant correlations (p<0.05), dark grey signifies strong 

significant correlations (p<0.01). 
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3.2.3 Climate Correlations  

Statistical climate correlations with isotope data may be insignificant because of the small 

correlation sample size due to few rings being chosen for isotope analysis, that was in some cases 

further reduced due to missing meteorological data. Thus, a graphical visualization of δ13C 

deviations compared to major climate variables is presented (Figures 3.9 to 3.12). 

Burwash Quill 

This site appears to relate very weakly but positively to temperature, weakly and negatively to 

current year precipitation, and positively to previous year precipitation. While BQ32 shows a 

negative relationship to temperature, the relationship is very weak. All climate correlations are 

very weak. 

Cultus Grasslands 

Climate relationships at CG appear stronger, however their direction is the same as at BQ. Yearly 

temperature averages are positively correlated, as is previous year precipitation, while current 

year precipitation is negatively correlated. The variable that is most significantly related to δ13C 

isotope values at this site is current year precipitation. 

Alsek Valley 

At AV, all climate variables are negatively correlated with δ13C values. Additionally, the 

relationship between isotope values and climate variables is strongest at AV when compared to 

the other two sites. The climate variable that related the strongest was previous year precipitation. 
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Figure 3.9. Sample BQ32 isotope anomalies compared to 
(a) yearly average temperatures, (b) current year total 
precipitation, and (c) previous year total precipitation. 
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Figure 3.10. Sample BQ25 isotope anomalies compared 
to (a) yearly average temperatures, (b) current year total 
precipitation, and (c) previous year total precipitation.  
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Figure 3.11. Sample CG30 isotope anomalies compared 
to (a) yearly average temperatures, (b) current year total 
precipitation, and (c) previous year total precipitation.  
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Figure 3.12. Sample AV11 isotope anomalies compared 
to (a) yearly average temperatures, (b) current year total 
precipitation, and (c) previous year total precipitation.  
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CHAPTER 5. DISCUSSION 
5.1 Inter-Site Correlations 

One of the objectives of this study was to determine whether different sites exhibit different 

trends in tree growth of the same species over time. Because the three sites are within a 100km 

radius of each other, it might be expected that they would exhibit similar trends due to similar 

regional climatic characteristics. This assumption is also made with legislation surrounding 

protected areas, where smaller scale sensitivity is often not considered when determining which 

areas require special attention.  However, our results show that this assumption is not entirely 

true, and that sites within relatively short distances of each other have the potential to respond 

quite differently to prevailing climatic conditions through time. As such, treating regions as 

homogeneous units risks overlooking unique sites that may be more sensitive to climate change 

and thus require special consideration. 

5.1.1 Ring-Width Correlations 

The trends identified through ring-width analysis in this study indicate differences in tree growth 

patterns, although some commonalities do exist. For the entire period of the study (1850-2011), 

ring-widths in trees from CG and AV are positively correlated, while ring-widths in samples 

from BQ do not correlate well with either site. Differences between sites are further exemplified 

when examining anomalously large or small marker years, which show little similarities between 

sites. Most interestingly, the inter-site relationships change over time, showing an overall decline 

in correlation, most strongly seen in the sharp decline between BQ and both other sites starting in 

the 1950s. 

Overall Trends 

For the period of 1850-2011, AV and CG correlate quite strongly and positively, while BQ does 

not correlate well with either. The most reasonable explanatory variable for these differences is 



the elevation difference between sites. The BQ site, was at a higher elevation than the other two 

sites: 1300 meters a.s.l., compared with 890 meters and 700 meters at CG and AV, respectively. 

Elevation differences have been found to result in different responses to climatic variables, such 

as temperature (Miyamoto et al. 2010, Greisbauer and Green 2012).  Additionally, CG and AV 

respond to different climate variables than BQ. CG and AV both respond to precipitation, which 

was the climate variable that showed the strongest correlation at both sites. Meanwhile BQ 

responded most to temperature.  

These results of spatial heterogeneity in tree-growth contradict previous studies that examine 

spatial complexity in Kluane, which suggest that tree growth is relatively uniform (Zalatan and 

Gajewksi 2005). This could be due to the nature of the sites that were sampled for their study. 

Zalatan and Gajewski focused solely on montane forest communities, which extended from 760 

to 1080 meters. As noted above, BQ is above this elevation range, while CG and AV are within. 

This comparison further implies that one of the primary causes of overall inter-site heterogeneity 

is due to elevation differences resulting in different ecological zones. However, the rest of our 

results, including changes in correlation over time and correlations between isotope values, imply 

that the cause of heterogeneity is more complex then that.  

Marker Years 

Anomalously large and small rings further exemplified the inter-site differences, as they showed 

few commonalities across the three sites. Such ring-width anomalies occur when the tree is either 

extremely limited by the environmental conditions leading to growth of that year, resulting in an 

anomalously small ring, or the conditions resulting in growth are very favorable, resulting in an 

anomalously large ring. We did not correlate marker years with climatic variables, however, 

based on the principle of uniformitarinism, we can imply that these marker years correlate to 

anomalies in climatic factors that effect each site. Thus, we can hypothesize two explanations for 
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poor marker year correlation. Either the trees at all three sites are responding to different climatic 

extremes, or the environments they grow in dampen the exacerbated environmental conditions. 

Regardless of the cause, it shows that growth patterns are not uniform across the three sites, and 

that extreme events may have different impacts on trees at different sites. 

Trends Over Time  

The most intriguing results with regards to inter-site correlations are the changing correlations 

over time. While correlations between all three sites are initially very strongly and significantly 

correlated, this correlation decreases over time, reflecting increased inter-site heterogeneity in 

growth in recent years. This trend, however, was reversed in the most recent period since 1975 

between CG and AV, where the inter-site correlation rises sharply, indicating re-alignment of 

growth patterns between these sites. However, it could also imply more stable climate patterns 

since 1975, resulting in more uniform growth. Unfortunately we cannot test this hypothesis 

because of the short length of the climate data in the region.  

More interestingly, we observe the change in BQ correlation with the other two sites over 

time. Beginning as early as 1900, BQ starts showing significant differences in growth patterns 

with relation to CG, and by 1950, it is also markedly different from AV. This suggests that 

somewhere between 1900 and 1950, something occurred at BQ that caused it to change its 

growth patterns and fall out of alignment with CG and AV.  Such changes may imply a threshold 

being reached at the site, after which the relationship between tree growth and the environment 

was completely changed. This hypothesis is in alignment with previous studies near BQ. Danby 

and Hik (2007a) found that between 1925 and 1950, tree-line underwent an episodic advance that 

was concomitant with a period of above normal summer temperatures. Thus, our results could 

further help prove that a threshold was breached, causing a radical change in the ways trees were 

responding to their environment.  
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This change over time could also be a result of what is called the ‘divergence problem’ in 

literature (D’Arrigo et al. 2008). This refers to a changing ring-width climate relationship over 

time. Because climate data in the area only extends back to 1945, we cannot test if this is the case 

at BQ. However, the climate conditions that control growth at BQ may have changed somewhere 

between 1900 and 1950, resulting in a divergence in inter-site correlation. An earlier study by 

D’Arrigo et al. (2004) shows evidence of divergence near Dawson in Yukon, and also suggests a 

threshold being breached around 1965, after which higher summer temperatures result in reduced 

growth. Thus our results could imply divergence at BQ, and further support the threshold 

hypothesis. 

Another trend over time is the gradual decline in ring-widths at BQ since the 1950s, as 

opposed to the gradual increase in ring-width since the 1950s at both CG and AV. The gradual 

increase at CG and AV could indicate more favorable conditions that have resulted from 

warming climate and changing precipitation trends. The gradual decline in ring-width as seen in 

BQ was also noted at the high elevation site studied by D’Arrigo et al. (2004). However, 

D’Arrigo et al. related the declining trend to warming summer temperatures which induced 

moisture stress on the trees. BQ showed no correlation to summer temperatures, thus we can not 

conclude that this explanation holds true at this site.  However, this result does agree with the 

decoupling of tree growth patterns between BQ and the other two sites, confirming spatial 

heterogeneity. 

Further research could be conducted in this area to confirm the validity of this change in 

growth over time. Other alpine versus non-alpine sites could be targeted for old trees, and it could 

be seen if the correlation over time changes at these sites as well. It would be particularly useful 

to find sites with trees older then 150 years, and this would help determine the stability of inter-

site growth patterns further back in time.  
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5.1.2 Isotope Correlations 

Isotope correlations are interesting to discuss with regards to two factors: inter-sample 

correlations and isotope to ring-width correlations.  

Inter-Sample Correlations.  

Inter-sample correlation shows poor agreement between any of the sites, and only the two 

samples from the same site show a strong relationship. The strong correlations between the two 

Burwash samples helps confirm that observations of poor correlations between sites truly are 

reflective of inter-site differences, not simply inter-tree differences. The poor correlations 

between samples from different sites further confirm the spatial heterogeneity in tree growth and 

response observed in ring-widths. Because isotopes indicate when a tree is stressed, differing 

isotope values between sites indicate that the trees at different sites experienced stress differently 

in different years. 

It is also interesting to note that the relationship between CG and BQ is stronger than the 

relationship between AV and CG or between AV and BQ. This contradicts the strong relationship 

between AV and CG noted in the ring-width results. Instead, in the isotope results, AV appears to 

be the site that anomalously stands out as poorly correlated with the other two. This may be due 

to the extreme environment that trees at AV find themselves in. AV ring-widths and isotopes 

correlated much more strongly to precipitation than the other two sites, showing the effects of 

evapotranspiration in causing stress for the tree. The trees sampled at AV all showed signs of 

wind stress through flagging. Thus, wind induced evapotranspiration likely caused the trees at 

AV to be much more stressed then at the other two sites, resulting in the poor correlation seen at 

AV.  

The stability and anomalies of isotope values as noted through visual inspection of Figure 3.8 

can also lead to some interesting conclusions. BQ remained more stable over time, for both 
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samples, than did AV and CG. This implies that the trees at BQ are subject to less extreme 

stresses, or are better adapt to dealing with such stresses. The second explanation seems more 

accurate, since the trees at BQ are at their ecological limit, and thus quite likely to be in a very 

stressed environment. However, individual trees at their ecological thresholds may in fact be 

more resilient to climate change, because they are more fit to deal with harsh conditions, and thus 

are better able to handle the stresses (McLane et al., 2011). 

AV often shows peaks in δ13C. This implies that the photosynthetic process was less selective 

with regards to the carbon isotope it utilized, which was caused by low intercellular CO2 

concentrations. This can be due to stomata being more closed, which corresponds to our ring-

width conclusions that AV is a moisture stressed site.  

CG also shows several anomalies in δ13C values, however the anomalies go in both directions. 

This indicates that it is responding inconsistently to stress in its environment, or that stress results 

from two different processes. There appears to be no general rule as to how the tree will act when 

presented with uncomfortable conditions, rather it will adjust several of its processes in order to 

accommodate, resulting in shifting δ13C values.  

Lastly, the inconsistence in anomalous years between sites  further emphasizes the inter-site 

differences, and the differences in the processes that control tree growth. One year that is 

interesting to discuss is 1972, during which we see abnormally high δ13C values at AV, while 

simultaneously seeing abnormally low δ13C values at BQ. This is indicative of different processes 

occurring at each of the sites. As background, 1972 had a cold spring, and a dry year in previous 

year precipitation. At BQ, photosynthetic enzymes were more selective that year, while in AV 

they were less selective. At AV, enrichment was again likely due to moisture stress which 

decreased stomatal conductance which resulted in low intercellular CO2, and eventually higher 

δ13C values. However, at BQ the depletion was more likely a result of poor environmental 
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conditions, which resulted in a slower rate of photosynthesis, allowing enzymes to be more 

selective and thus decreased δ13C.  

Isotope to Ring-Width Correlations  

Relationships between isotope values and ring-widths differed at each site, but were particularly 

different between BQ and the other two sites. At BQ, the correlation was weak and positive, 

while at CG and AV the correlation was strong and negative. The weak correlation at BQ is 

likely due to the homogeneity of both the ring-width and isotope results. The ring-width index 

values all lied between 0.8 and 1.8, while the δ13C values were between -21.5 and -19.5, with one 

exception, thus it was difficult to determine a strong trend. Meanwhile, both the ring-width 

indices and δ13C values at AV and CG were much more variable, which allowed for the 

determination of a stronger relationship. 

The correlation between δ13C values and ring-widths at AV correlated the most, and most 

significantly. Because isotope values are indicative of stress, this further confirms that reduced 

growth at AV relates to wind-stress at the site. 

Another interesting result is that BQ isotope values relate positively to ring-width, while AV 

and CG relate negatively. This implies that at BQ, when the tree grows more radially, it has lower 

intercellular CO2 concentrations and thus photosynthesis is less discriminatory. Increases in δ13C 

can imply that the rate of photosynthesis is faster than the rate of stomatal conductance.  The 

interpretation of more optimal environmental conditions influencing tree growth aligns better 

with our understanding of this site. Thus, at BQ radial growth appears to be controlled by the rate 

of photosynthesis. Meanwhile, at CG and AV, increased radial growth occurs in years during 

which intercellular CO2 concentrations are higher, and photosynthesis is thus more selective, 

lowering the δ13C values. Open stomata can result in increased intercellular CO2 concentrations, 

and this conclusion aligns well with our understanding of these two sites. In years when these 
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sites are less moisture stressed, the stomata of the plants open more, and this allows the tree to 

incorporate more CO2 into its tissues, and grow more radially. Thus, at CG and AV radial growth 

appears to be controlled by stomotal opening and closing. This confirms the moisture stress noted 

at these site. These differences in response highlights the different processes that occur at the 

different sites. 

The most important thing to note from the correlation between ring-widths and δ13C values is 

the general congruence between responses at CG and AV, while BQ stands out once again as 

showing a different trend. This relates to poor correlation seen between BQ and the other two 

sites in the ring-width correlation analyses.  

5.2 Climate Correlations 

Climate correlated quite significantly at some sites to ring-width, however the strongest 

correlations were never uniform across sites. Correlations with isotope values were more 

ambiguous due to the low sample number (n), however some suggested relationships are made. 

5.2.1 Ring-width to Climate Correlations 

Relationships between ring-width and climate confirm some of our hypotheses, but also show 

some interesting and unexpected results. As hypothesized, CG appears to a moisture-stressed site 

and AV appears to be affected by wind. BQ is most influenced by temperature, however in a way 

that was unexpected. 

Burwash Quill 

Radial tree growth at BQ appears to be most affected by temperatures of cold months, and also 

slightly by current year precipitation. The most interesting result is that winter and spring 

temperatures correlate negatively to ring-width, very significantly (p<0.01) and strongly (0.462-

0.594). At face value this implies that colder winters and springs result in increased racial growth 

in the following growing season. Very limited literature exists which shows similar results. 
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Oberhuber (2004) found a statistically significant, but weak, negative correlation between winter 

temperatures and ring-width in trees within the timberline ecotone in Austria. He does not discuss 

these results in much detail, however discusses that mild late winters with shallow snow cover 

may cause trees to suffer from desiccation and other stresses such as xylem embolism resulting 

from short-term fluctuations in shoot temperatures. Thus, longer lasting snow cover could help 

protect trees early in their growing season.  

Colder winters may influence winter precipitation in a way that is favorable in the following 

growing season, by either leading to more snow or more snow cover. However, winter 

precipitation correlates weakly and insignificantly to ring-width. Another climate variable that 

would be good to test is snow cover, however this is very regional and there is no data for the 

site. 

While we remain unsure about the exact cause of this trend, we suggest two hypotheses. 

Firstly, colder winters may cause the active layer to remain frozen longer into the growing 

season, trapping moisture at the surface and thus providing trees with ample moisture during the 

growing season. However, because the trees do not appear to be moisture stressed, more moisture 

may not be important. Another hypothesis is that cold temperatures may delay snow melt in the 

spring. Colder winters and springs would cause snow to accumulate more throughout the winter 

and melt later in the spring. Late melt would protect the trees from harsh and damaging 

temperature fluctuations that are characteristic of spring. Such fluctuations may cause damage to 

the trees when there is no snow there to protect them, and result in less radial growth in the 

following season because the tree must correct for damages. Experimental warming and snow 

manipulations by Danby & Hik (2007b) demonstrated that this snow-related process is critical in 

influencing seedling survival and growth at treeline in Kluane, but it is not known how applicable 

it is to mature trees.  

50 



Relationship to precipitation is much weaker at BQ, and not statistically significant. However 

they often show negative correlations as well, particularly with summer precipitation. This is the 

only site that exhibits this kind of trend, and once again emphasizes the peculiarity of BQ.  

Cultus Grasslands 

Climate relationships at CG remained the weakest, however there were still significant positive 

correlations to previous year summer precipitation. The weak climatic correlation may be due to 

there being no weather stations near this site. While the Burwash Landing weather station is near 

BQ, and the Haines Junction weather station is near AV, climate is not being recorded near CG. 

This is particularly important when considering precipitation, which appears to be more strongly 

correlated at this site, but which is very regional.  The more local nature of precipitation can be 

seen very easily when looking at AV correlations, which correlate very strongly and positively 

with Haines Junction precipitation, but very weakly and negatively with Burwash Landing 

precipitation. 

Despite poor correlations, this site does appear to be responding more to precipitation, as was 

hypothesized. Current year precipitation correlated slightly, indicating that it is important for 

trees to receive enough moisture during their growing season. However, the strongest correlation 

exists with previous year growing season precipitation, emphasizing the importance of preceding 

year climate in setting up for growth in the following year. The relationship was positive, 

indicating that the tree grew more in the year following a year of increased precipitation, 

confirming the moisture stress experiences at this site. 

Alsek Valley 

Previous year precipitation significantly and positively affected ring-width at AV, although 

spring temperatures appear to also relate slightly. It is quite understandable that precipitation is a 

limiting factor at AV. Firstly, the site is already quite dry, and on a rocky slope with a thin soil 
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layer. In addition, strong winds at the site cause increased evapotranspiration, further depleting 

the environment of moisture.  

Strongest correlations were seen for summer rain, and fall and summer previous year 

precipitation. The correlations are all positive, again confirming that this site too is moisture 

stressed. The fact that it is previous year precipitation that correlates most strongly again suggests 

the importance of conditions prior to the growing season for influencing growth.  

Spring temperatures also showed minor importance at AV. Warmer spring temperatures 

resulted in increased radial growth in the following growing season. Warmer springs could imply 

that there are fewer extreme cold events that have the potential to negatively effects the tree early 

in the season. Because the area is probably wind scoured of snow in the winter, there is likely 

little snow to protect the trees. Thus drastic cold spells early in the growing season are likely to 

negatively influence trees in the area, and may result in reduced radial growth later in the season.  

5.2.2 δ13C Isotope to Climate Correlations 

Relationships between δ13C values and climate was more uncertain, due to the low sample 

number. However the inferences that we made appear to confirm our previous results, while also 

helping to explain the processes. 

Burwash Quill  

The overall trend at BQ with climate correlations was that the relationships were all very weak. 

This is more likely to reflect the homogeneity of the isotope creating poor signals, than for 

climate not influencing tree growth.  Despite the weak correlations, it is still useful to discuss 

what we did observe. High deviations (ie. stress) occurred with warmer temperatures and 

increased previous year precipitation. This relates to our ring-width climate results, which 

suggests that trees experience less radial growth in warmer years with more previous year 
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precipitation. High current year precipitation still appears to result in relatively normal δ13C 

values, again showing that current year precipitation has little impact on the trees at this site. 

Cultus Grasslands 

 Relationships between δ13C values and climate at CG was slightly stronger, however often 

inconsistent at climactic extremes. Warmer years tended to result in abnormally low δ13C values, 

which could indicate that warmer years allowed stomata to open more at this site. Years where 

previous year precipitation was higher tends to result in more variable δ13C isotope values, which 

indicates the inconsistency of the responses of trees at CG to abnormalities in climatic conditions, 

as suggested previously. Current year precipitation again does not appear to have a very large 

impact, with the exception of one point which helps draw an interesting conclusion. The year 

then current year precipitation was particularly high was also a year when the δ13C isotope value 

was abnormally low. This could relate to increased stomatal opening, again proving the control of 

moisture at this site.  

Alsek Valley 

Isotope values at AV related most strongly to climatic variables, and relationships were all 

negative. Colder years tended to result in higher δ13C values, while dryer years also resulted in 

higher δ13C values. This relationship to precipitation is particularly significant. Firstly, most of 

the years where δ13C values neared normal, precipitation was higher. However, in years where 

precipitation and previous year precipitation was abnormally low, δ13C values were abnormally 

high. Since high δ13C values relate to restricted stomatal conductance, this confirms the influence 

of moisture stress on tree growth at this site.  
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SUMMARY OF MAIN POINTS 

(1) This project investigated (i) inter-site correlations, ie. the differences in tree growth of 
Picea glauca (white spruce) between the three sites BQ, CG, and AV, and (ii) climatic 
correlations, ie. the climatic variables that most strongly influenced growth at each site. 
 

(2) Three sites chosen were hypothesized to respond to different environmental variables -  
temperature at BQ, moisture availability at CG, and wind at AV. The sites showed clear 
differences in macroenvironments. 

 
(3) The results can be summarized according to the initial questions: 

 
(i) Inter-Site Correlations in Tree-rings and Isotopes 

- Overall, BQ correlates poorly to CG and AV. CG and AV correlate well. 
- Correlations between BQ and the other two sites decline over time. 

Somewhere between 1900 and 1950 the relationships become insignificant. 
We hypothesize that this reflects either a threshold being breached at BQ, 
or evidence of the divergence problem at BQ. 

- Isotopes correlate poorly between the three sites, but well between two 
cores from the same site (BQ).  

 
(ii) Climatic Correlations 

- Ring-Widths 
- BQ’s most significant correlation was a negative relationship to winter 

and spring temperatures. We are unsure of the cause, however our best 
hypothesis is that it reflects the persistence of protective snow cover that 
insulates trees from harsh conditions in the spring. 

- CG’s most significant correlation was a positive relationship to previous 
year growing season precipitation. However, all climate correlations at 
this site were quite weak. Still, it suggests the moisture stress at this site. 

- AV’s most significant correlation was a positive relationship to summer 
and fall precipitation of the previous year. This reflects the moisture 
stress of the environment and the increased evapotranspiration caused 
by the wind.  

- Isotopes 
- Correlations between δ13C and climate remain uncertain, due to low 

sample number. However, the results seem to suggest that both CG and 
AV are indeed moisture stressed. 

 
 

54 



REFERENCES 

Adams, J. (2007), “Microclimates and vegetation,” In Vegetation interaction: how vegetation makes the 
global environment, Berlin, Heidelberg: Springer Berlin Heidelberg. Print.  

AICA (2005), Arctic Climate Impact Assessment, Chapter 2, Cambridge University Press, New York, 
NY. 

Bailey, R.G. (2009), “Mesoscale: Landform Differentiation (Landscape Mosaics),” In Ecosystem 
Geography: From Ecoregions to Sites. New York: Springer New York.  

Barber, V., G. Juday, & B. Finney, (2000), Reduced growth of Alaska white spruce in the twentieth 
century from temperature-induced drought stress, Nature, 405, 668–673. 

Brendel , O., P.P.M. Iannetta, & D. Stewart (2000), A rapid ans simple method to isolate pure alpha-
cellulose, Photochemical Analysis, 11, 7-10. 

Briffa, K., F.H. Schweingruber, P.D. Jones, T.J. Osborn, S.G. Shiyatov, & E.A. Vaganov (1998), Reduced 
sensitivity of recent tree- growth to temperature at high northern latitudes, Nature, 391, 678–682. 

Chen, P.Y., C. Welsh, & A. Hamann (2010), Geographic variation in growth response of Douglas-fir to 
interannual climate variability and projected climate change, Global Change Biology,16, 3374–3385. 

Cook, E.R. (1985), A time series analysis approach to tree- ring standardization, Ph.D., Dissertation, 
University of Arizona. 

Coplen, T.B. (1995), Discontinuance of SMOW and PDB, Nature, 373, 285.  

Crowley, T.J. (2000), Cause of Climate Change Over the Past 1000 Years, Science, 289, 270-277. 

D’Arrigo, R., R. Villalba, & G. Wiles (2001), Tree-ring estimates of Pacific decadal climate variability, 
Climate Dynamics, 18, 219-224.  

D’Arrigo, R., R.K. Kaufmann, N. Davi, G.C. Jacoby, C. Laskowski, R.B. Myneni, & P. Cherubini (2004), 
Thresholds for warming-induced growth decline at elevational tree line in the Yukon Territory, Canada, 
Global Biogeochemical Cycles, 18. 

D’Arrigo, R., R. Wilson, B.Liepert, & P. Cherubini (2008), On the ‘Divergence Problem’ in Northern 
Forests: A review of the tree-ring evidence and possible causes, Global and Planetary Change, 60, 289-
305. 

Danby, R.K. & D. Hik (2007a), Variability, contingency and rapid change in recent subarctic alpine tree 
line dynamics, Journal of Ecology, 95, 352-363. 

Danby, R.K., & D. Hik (2007b), Response of white spruce (Picea glauca) to experimental warming at a 
subarctic alpine treeline, Global Change Biology, 13, 437-451. 

Davi, N.K., G.C. Jacoby, & G.C. Wiles (2003), Boreal temperature variability inferred from maximum 
latewood density and tree-ring width data, Wrangell Mountain region, Alaska, Quaternary Research, 60, 
252-262.  

Davis, M.B., & R.G. Shaw (2001), Range shifts and adaptive responses to Quaternary climate change, 
Science, 292, 673–679. 

Edwards, T.W.D., S.J. Birks, B.H. Luckman, & G.M. MacDonald (2008), Climatic and hydrologic 
variability during the past millennium in the eastern Rocky Mountains and northern Great Plains of 
western Canada, Quaternary Research, 70, 188-197.   

 

55 



Environment Canada (2012), National Climate Data and Information Archive, Retrieved 4/01/2012, from: 
http://www.climate.weatheroffice.gc.ca/climateData/menu_e.html?timeframe=1&Prov=YT&Year=2011&
Month=11&Day=10 

Farquhar, G.D., M.H. O’Leary, & J.A. Berry (1982), On the relationship between carbon isotope 
discrimination and intercellular carbon dioxide concentration in leaves, Australian Journal of Plant 
Physiology, 9, 121–137. 

Fleming, S.W., & P.H. Whitfield (2010), Spatiotemporal Maping of ENSO and PDO Surface 
Meteorological Signals in British Columbia, Yukon, and Southest Alaska, Atmosphere-Ocean, 24, 122-
131. 

Francey, R.J., C.E. Allison, D.M. Etheridge, C.M. Trudinger, I.G. Enting, M. Leuenberger, R.L. 
Langenfelds, E. Michel, & L.P. Steele (1999), A 1000- year high precision record of à13C in atmospheric 
CO2, Tellus 51B, 170–193. 

Gagen, M., D. McCarroll, & J.-L. Adouard (2004), Latewood width, maximum density and stable carbon 
isotope ratios of pine as palaeoclimate indicators in a dry sub-alpine environment in the southern French 
Alps, Arctic, Antarctic and Alpine Research, 26, 166-172. 

Gaudinski, J.B., T.E. Dawson, S. Quideau, E.A.G. Schuur, J.S. Roden, S.E. Trumbore, D.R. Sandquist, S. 
Oh, & R.E. Wasylishen (2005), Comparative Analysis of Cellulose Preparation Techniques for Use with 
13C, 14C and 18O Isotopic Measurements, Analytical Chemistry, 77, 7212-7224. 

Google Earth (2010), Version 5.2.1.1488 [Software], Mountain View, CA: Google Inc. Available from 
http://www.google.com/earth/index.html  

Gray, S.T., J.L. Betancourt, C.L. Fastie, & S.T. Jackson (2003), Patterns and sources of multidecadal 
oscillations in drought-sensitive tree-ring records from the central and southern Rocky Mountains, 
Geophysical Research Letters, 30, 1-6. 

Griesbauer, H. & D.S. Green (2010), Regional and ecological patterns in Interior Douglas-fir climate–
growth relationships in British Columbia, Canada, Canadian Journal of Forest Resources, 40, 308–321. 

Griesbauer, H. & D.S. Green (2012), Geographic and temporal patterns in white spruce climate-growth 
relationships in Yukon, Canada, Forest Ecology and Management, 267, 215-227. 

Griesbauer, H., D.S. Green, & G.A. O’Neill (2011), Using a spatiotemporal climate model to assess 
population-level Douglas-fir growth sensitivity to climate change across large climatic gradients in 
British Columbia, Canada, Forest Ecology Management, 261, 589–600. 

Holman, M.L., & D.L. Peterson, (2006), Spatial and temporal variability in forest growth in the Olympic 
Mountains, Washington: sensitivity to climatic variability, Canadian Journal of Forest Resources, 36, 92-
104. 

IPCC (2007), Climate change 2007: the physical science basis, Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), Cambridge, UK: 
Cambridge University Press.  

Jacoby, G.C., & E.R. Cook (1981), Past temperature variations inferred from a 400-year tree-ring 
chronology from Yukon Territory, Canada, Arctic and Alpine Research, 13, 409-418.  

Keeling, C.D. (1979) The Suess Effect: 13Carbon-14Carbon Interrelations, Environment International, 2, 
229-300.  

Luckman B.H. (2007), "Dendroclimatology", In Encyclopedia of Quaternary Science (Ed. Scott Elias) 1: 
465-475. 

Mantua, N. (2012), PDO Index, Retrieved 14/01/2012, from: http://jisao.washington.edu/pdo/PDO.latest  

56 



Mantua, N.J., S.R. Hare, Y. Zhang, J.M. Wallace, & R.C. Francis (1997), A Pacific Interdecadal Climate 
Oscillation with Impacts on Salmon Production, Bulletin of the American Meteorological Society, 78, 
1069-1079.  

McCarroll, D. & N.J. Loader (2004), Stable isotopes in tree rings, Quaternary Science Reviews, 23, 771-
801. 

McLane, S.C., L.D. Daniels, & S.N. Aitken (2011), Climate impacts on lodgepole pine (Pinus contorta) 
radial growth in a provenance experiment, Forest Ecology Management, 115-123.  

Miyamoto, Y., H.P. Griesbauer, & D.S. Green (2010), Growth responses of three coexisting conifer 
species to climate across wide geographic and climate ranges in Yukon and British Columbia, Forest 
Ecology Management, 259, 514–523. 

Murray, D.F., & G.W. Douglas (1980), “The Green Mantle” In Kluane: Pinnacle of the Yukon, Toronto, 
Canada: Doubleday Canada Limited. 

Natural Resources Canada. (2009, August 12), The Atlas of Canada: Lakes, Retrieved December 3, 2010, 
from Natural Resources Canada: http://atlas.nrcan.gc.ca/site/english/learningresources/facts/lakes.html 

NOAA (2012), Median COFECHA Chronology Statistics by Species, Retrieved January 14, 2012, from 
NOAA Paleoclimatology: http://www.ncdc.noaa.gov/paleo/treering/cofecha/speciesdata.html  

Oberhuber, W. (2004), Influence of climate on radial growth of Pinus cembra within the timberline 
ecotone, Tree Physiology, 24, 291-301. 

Porter, T.J., M.F.J. Piraric, S.V. Kokelj, & T.W.D. Edwards (2009), Climatic Signals in d13C and d18O 
of Tree-rings from White Spruce in the Mackenzie Delta region, Northern Canada, Arctic, Antarctic, and 
Alpine Research, 41, 497-505. 

Speer, J.H. (2010), Fundamentals of Tree-Ring Research. Tucson: The University of Arizona Press.  

Tardif, J.C., F. Conciatori, & S.W. Leavitt (2008), Tree ring δ13C and climate in Picea glauca growing 
near Churchill subarctic Manitoba, Canada, Chemical Geology, 252, 88-101. 

Watson, E. & B.H. Luckman (2002), The dendroclimatic signal in Douglas-fir and ponderosa pine tree-
ring chronologies from the southern Canadian Cordillera, Canadian Journal of Forest Resources, 32, 
1858-1874.  

Whitfield, R.D., D. Moore, S.W. Fleming, & A. Zawadzki (2010), Pacific Decadal Oscillation and the 
Hydroclimatology of Western Canada – Review and Prospects, Canadian Water Resources Journal, 35, 1-
28. 

Wilmking, M., G.P. Juday, V.A. Barber, & H.S.J. Zald (2004), Recent climate warming forces contrasting 
growth responses of white spruce at treeline in Alaska through temperature thresholds, Global Change 
Biology, 10, 1724–1736. 

Youngblunt, D., & B. Luckman (2008), Maximum June-July temperatures in the southwest Yukon over 
the last 300 years reconstructed from tree rings, Dendrochronologia, 25, 153-166. 

Zhang, X., L.A. Vincent, W.D. Hogg, & A. Niitsoo (2000), Temperature and Precipitation Trends in 
Canada during the 20th century, Atmosphere-Ocean, 38, 395-429.  

Zalatan, R., & K. Gajewski (2005), Tree-ring analysis of five Picea glauca – dominated sites from the 
Interior Boreal Forest in the Shakwak Trench, Yukon Territory, Canadian Polar Geography, 29, 1–16. 

 

57 



APPENDIX A - 
VISUAL OVERVIEW OF SITES 

Burwash Quill Site 
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Cultus Grasslands Site 
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Alsek River Valley Site 
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APPENDIX B - 
ISOTOPE METHODS (MODIFIED BRENDEL) 

Materials 
- razor blade 
- binocular microscope 
- 1.5ml polypropylene tubes (suitable for oven at 120 C) 
- (sonicator) 
- wood grinder (pester and mortal) 
- micropipettes: (0.5, 2, 2.5 mL) disposable pipette tips 
- glass pipettes (2.5mL) 
- hot plate and aluminum heating blocks 
- thermometer rod 
- centrifuge 
 
Chemicals 
- 80% acetic acid, reagent grade (can be made from glacial acetic acid by adding 4 parts 

acid to 1 part DDW) 
- 69% nitric acid, reagent grade 
- 99% ethanol 
- distilled deionized water (DDW)  DDI 
- 17% NaoH (w/v: 17g NaOH per 100mL water) 
- acetone 

 
 
Sample Preparation 

1. Cores with relatively large ring widths preferentially selected 
2. Sections cross-dated – markings to identify decades, ½ centuries, centuries 

 cores visually cross dated and measured using Velmex tree-ring measuring 
system. Cross dating verified using COFECHA. 

3. Innermost rings eliminated (first 25-50years…or less) to minimize “juvenile effect” 
4. Individual annual tree rings separated with razor blade under binocular microscope 
5. Rings places into polypropylene tubes labeled with the tree# and year 
6. DDI added to each tube, and samples allowed to soak overnight (this makes wood 

easier to grind) 
7. Samples sonicated for ~20 minutes to help loosen fibers (this step optional). 
8. Each sample ground finely with pestel and mortar. Liquid nitrogen can be added 

while grinding to make samples brittle.  
9. Make sure you have 30-100mg of sample! 
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Alpha-cellulose extraction 
6. Using pipette , add 2mL 80% acetic acid into sample tubes 
7. Using pipette, add 0.2mL 69%nitric acid into sample tubes 
8. Cap securely & mix gently; insert tubes into aluminum heating blocks and extract for 

30 minutes at 1200C. Be careful that temperature does not exceed 1300C. 
9. Remove tubes from heat; allow to cool (5-10min). Uncap slowly in case of 

overpressure.  
10. Using pipette, add 2.5mL  99% ethanol to tubes. 
11.  Cap, invert and shake, centrifuge for 5 min at highest speed (3500rpm or higher). 

Decant supernatant.  
12. Add 2x2.5mL 99% ethanol. Add in two steps, the first is added and then mixed. The 

second is added to wash down the sides of the glass to force sample back into the 
solution. 

13. Repeat step 11. (Cap, invert and shake, centrifuge for 5 min at highest speed 
(3500rpm or higher). Decant supernatant.) 

14. Add 2x2.5mL DDW (DDI) to tubes. 
15. Repeat step 11. (Cap, invert and shake, centrifuge for 5 min at highest speed 

(3500rpm or higher). Decant supernatant.) 
16.  Add 2x2.5mL 17% (w/v) NaOH. Use only glass pipettes with this solution. Let sit 

for ~10 min. 
17. Repeat step 11. (Cap, invert and shake, centrifuge for 5 min at highest speed 

(3500rpm or higher). Decant supernatant.) 
18. Add 2.2mL DDI and 0.6mL acetic acid. Centrifuge. Add 2.2mL DDI only (to wash 

down the sides) and gently mix. 
19.  Repeat step 11. (Cap, invert and shake, centrifuge for 5 min at highest speed 

(3500rpm or higher). Decant supernatant.) 
20. Add 2x2.5mL DDI. 
21. Repeat step 11. (Cap, invert and shake, centrifuge for 5 min at highest speed 

(3500rpm or higher). Decant supernatant.) 
22. Add 2x2.5mL 99% ethanol 
23. Repeat step 11. (Cap, invert and shake, centrifuge for 5 min at highest speed 

(3500rpm or higher). Decant supernatant.) 
24. Add 2x2.5mL acetone. 
25. Repeat step 11. (Cap, invert and shake, centrifuge for 5 min at highest speed 

(3500rpm or higher). Decant supernatant.) 
26.  Allow samples to dry in the hood overnight. 
27. Cleanup: Turn off hot plate and unplug. Empty waste beaker into 3 gallon waste pail in 

satellite waste accumulation area; rinse waste beakers with soap and water, then with 
DDW. Wipe up any acid or reagents splashed in hood using a little Ethanol. Put 
reagents away, keeping acids apart. Refill reagent bottles if necessary. Inventory 
reagents and other supplies, and reorder more if necessary. 

 
Isotope Analysis 

28.  0.4 mg of alpha-cellulose is weighted and sealed in tin foil capsule. 
29. Load into instrument. 
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Burwash Quill 

Cultus Grasslands 

APPENDIX C - 
COFETCHA RESULTS 

63 



 
Alsek Valley 
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