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Abstract 

Little is known of the Little Ice Age (LIA) glacial activity in the Mt. 

Waddington area, southern Coast Mountains of British Columbia (Canada). This 

study establishes a detailed LIA chronology of glacier ice front positions and 

glacier mass balance fluctuations linked to a better understanding of their 

interaction and relative significance to climate. 

Lichenometric, dendrochronological, and radiocarbon dating techniques 

applied to 14 glacier sites were used to develop a history of moraine-building 

events. A calibrated Rhizocarpon geographicurn lichen growth curve was 

developed for the Mt. Waddington area applicable to surfaces up to 680 years in 

age. Subfossil wood samples located in situ beneath moraines were either 

crossdated with local living chronologies or radiocarbon dated. Constraining 

dates on moraine stabilization were also derived from the oldest trees found 

growing on the moraines surfaces. Moraine-building episodes were found to 

have occurred prior to AD 620, and in AD 925-933, 1203-1 226, 1260-1 275, 

1344-1 362, 1443-1458, 1506-1 524, 1562-1 575, 1597-1 621, 1657-1 660, 1767- 

1784, 1821-1837, 1871-1900, 1915-1 928, and 1942-1946. Although 

synchronicity between periods of glacial activity was common, local factors such 

as aspect and size were shown to play an important role in individual glacial 

response. 

Fifteen living tree-ring chronologies from five conifer species (Douglas-fir, 

whitebark pine, mountain hemlock, yellow-cedar, and subalpine fir) were 



iii 

sampled on valley slopes, close to glacial termini. The chronologies were used to 

determine the nature of growth-climate relationships and form the basis for a set 

of dendroclimatological models. After validating the relationships, models of 

mean temperature (January, July, summer) and snowpack depth (April 1) were 

developed for the past 300 years. Collectively, the proxy indices indicate that the 

Mt. Waddington area was characterized by cool-wet conditions from 1701 -1 708, 

171 6-1 727, 1735, 1742-1 765, 1787-1 792, 1813-1 823, 1848-1 851, 1867-1 902, 

1926, and 1973-1 994. 

The tree-ring chronologies also led to the reconstruction of glacier mass 

balance for the past 450 years. Regression analyses were applied to local tree- 

ring chronologies in order to predict glacier mass balance at local and regional 

scales for glaciers located in southwestern British Columbia and northern 

Washington State. The models of net annual balance for the region show that 

periods of positive mass balance occurred in the 1750s, 1820s to 1830s, and 

1970s. Peaks of winter balance correspond closely to these periods, showing a 

sharp drop in winter mass balance totals by the end of the 19th century. Wavelet 

analyses indicate that glaciers in this region respond synchronously to climate 

forcing mechanisms driven by the El Niiio Southern Oscillation (ENSO), the 

Pacific Decadal Oscillation (PDO), and solar forcing. 
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1.0 Introduction 

The Mt. Waddington area of the British Columbia Coast Mountains 

contains some of the highest peaks and largest icefields in the southern 

Canadian Cordillera. Complex atmosphere - ocean forcing processes in the 

North Pacific Ocean and indeterminate feedback mechanisms have a marked 

influence on the long-term activity of glaciers within this area (Cayan and 

Peterson, 1989). There have been attempts to describe the glaciological 

response of these glaciers to changing environmental conditions during the Little 

Ice Age (LIA) climatic episode (Mathews, 1951 ; Clague and Rampton, 1982; 

Ryder and Thomson, 1986; Ryder, 1987; Desloges, 1987; Desloges and Ryder, 

1990; Smith and Laroque, 1996; Smith and Desloges, 2000; Lewis, 2001). 

However, there remains a significant need for detailed, well-dated records of LIA 

glacier fluctuations linked to better pre-instrumental proxy records describing the 

climate factors that control glacier mass balance. This need is particularly acute 

in the Pacific Northwest, where Pacific teleconnections result in differential mass 

balance states between glaciers in Alaska and those in southern Canada 

(Walters and Meier, 1989). 

The climatic changes that trigger fluctuations in glacier mass balance 

changes in Pacific North America are directly attributable to high-frequency 

phenomena including the El Nit70 Southern Oscillation (ENSO) and decadal- to 

century-scale oscillations like the Pacific Decadal Oscillation (Cayan and 

Peterson, 1989; Hanawa, 1995). Interactions between such forcing mechanisms 

introduce significant fluctuations in precipitation regimes along the western North 
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American Coast (Cayan and Peterson, 1989; Zhang et a/., 1997; Mantua and 

Hare, 2002; Kovanen, 2003). Shifts from wet-cool to dry-warm states have 

occurred periodically in the Pacific Northwest (PNW) and the Gulf of Alaska 

(GOA) in the past century. 

High-resolution archives of past climate fluctuations are required to detect 

and assess the long-term impact and significance of the climate-induced 

changes. In coastal British Columbia, long-lived conifer species were found to be 

sensitive to climate changes through the past centuries (Gedalof and Smith, 

2001 ; Laroque, 2002), and thus offer an opportunity to develop overlapping 

records of environmental change that potentially span the last millennium. 

Because winter precipitation and summer temperatures have an effect on both 

tree growth and glacier mass balance, the development of inductive models of 

proxy climate and mass balance fluctuations through the Little Ice Age (LIA) 

climatic episode is possible. 

1 .I Holocene glacial activity in the Pacific Northwest and Gulf of Alaska 

There is general agreement that the end of Fraser glaciation in the 

southern Coast Mountains of British Columbia is benchmarked by the short lived 

Younger Dryas readvance between ca. 10 500 to 10 000 BP (Mathewes et a/., 

1993; Patterson et a/. , 1995; Kovanen and Easterbrook, 2001 ; Clague and 

James, 2002; Friele and Clague, 2002). Following this event, glaciers throughout 

the region experienced pronounced retreat and at Tiedemann Glacier basal peat 

dated at 9500 BP provides a minimum date for the end of the Fraser Glaciation 
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(Fulton, 1971). Diatom and pollen records indicate that by 8500 BP the climate in 

this region was characterized by dry and hot conditions, and by 6500 BP the 

climate had become somewhat wetter (Alley, 1976; Hebda, 1995; Hallett and 

Walker, 2000; Bennett et a/, , 2001 ; Gavin et a/. , 2001 ; Reasoner et a/. , 2001). In 

Garibaldi Park, radiocarbon dates from in situ tree stumps, roots, and transported 

wood fragments (Stuiver et a/., 1960; Lowdon and Blake, 1968, 1975; Blake, 

1983) suggest that glaciers were expanding between 6000 and 5000 BP, a 

period referred as the Garibaldi phase (Ryder and Thomson, 1986). Increased 

lake sedimentation, enhanced periglacial activity, and shifts in near modern 

pollen assemblages suggest a transition to a wetter and cooler climate after 4000 

BP (Souch, 1994; Evans, 1996; Calkin et a/., 1998; Konrad and Clark, 1998; 

Desloges, 1999; Hallett and Walker, 2000; Pellatt et a/., 2001). 

The climatic conditions triggered a period of significant glacier expansion 

that saw glaciers reach terminal positions between 4000 to 3000 years ago that 

equalled those reached earlier during the Younger Dryas (Ryder and Thomson, 

1986; Wiles and Calkin, 1993; Clague and Mathewes, 1996; Calkin et a/,, 2001). 

First recognized in the British Columbia Coast Mountains by Fulton (1971), the 

Tiedemann Advance nomenclature is used to describe glacial advances that 

occurred between 3300 and 1900 BP at Tiedemann and Gilbert glaciers (Fulton, 

1971 ; Ryder and Thomson, 1986). Supporting evidence for glacial activity in this 

time period comes from glacially-buried organics in the Bella Coola area that 

date to 2500 BP (Desloges and Ryder, 1990) and by buried mud layers dating 

between 2800 and 2200 BP at Tide Lake in northern British Columbia (Clague 
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and Mathewes, 1996). Concurrent evidence comes from southern coastal 

Alaska, where there is widespread evidence for a period of glacial expansion that 

occurred as early as 3600 BP (Wiles and Calkin, 1993, 1994; Calkin et a/., 2001). 

Similarly, radiocarbon evidence from the Wrangell and St. Elias Mountains 

provides minimum dates for glacier retreat from advanced down valley positions 

andlor an independent glacier advance between 2700 and 2400 BP (Denton and 

Karlen, 1973; Wiles etal., 2002). Following this period of expansion, glaciers in 

the Canadian Cordillera apparently retreated up valley to positions that were 

distal to present-day ice front positions (Gardner and Jones, 1985; Wood, 2002). 

The next period of glacier expansion in the PNW occurred during the early 

medieval period (Grove, 1988), when Alaskan land-terminating and calving 

glaciers reached maximum positions between AD 600 (Wiles and Catkin, 1991, 

1993, 1994) to possibly AD 900 (Plafker and Miller, 1957; Denton and Karlen, 

1973; Wiles and Calkin, 1993). In the southern Coast Mountains, evidence for a 

AD 900 advance, that may herald the beginning of LIA, was found at Tiedemann, 

Bridge and Purgatory glaciers (Ryder and Thomson, 1986; Desloges and Ryder, 

1990). 

Numerous LIA glacial events are recorded in Alaska and British Columbia, 

where the first manifestations of this late Neoglacial glacial activity date to the 

mid-1 100s in Alaska (Wiles and Calkin, 1993; Calkin etal., 2001; Wiles etal., 

2002). Other Alaskan advances date to the mid-1 300s, the early to mid-1400s, 

the mid to late-1 600s, the early to mid-1700s, and the mid-I 800s to early-1 900s 

(Mann and Ugolini, 1985; Mann, 1986; Wiles and Calkin, 1991, 1993, 1994; 
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Calkin et a/., 2001 ; Wiles et a/,, 2002). In the Stikine-lskut area of the northern 

Coast Mountains of British Columbia the earliest evidence of LIA glacial activity 

dates to AD 1290 (Ryder, 1987), with other notable events dating to between AD 

1400 and 1500, the late-1 600s to early-1 700s (Ryder, 1987), the early to late- 

1700s (Clague and Mathewes, 1996), and mid-1 800s to early-1 900s (Clague and 

Rampton, 1982; Ryder, 1987; Clague and Mathewes, 1996). 

The earliest evidence of LIA activity in the southern British Columbia 

Coast Mountains comes from 12th century advances recorded at sites in the 

Monarch lcefield and Waddington Range areas (Ryder and Thomson, 1986; 

Desloges and Ryder, 1990). Additional advances in the 1300s to 1500s, the early 

1700s, and the mid-1 800s to early-1 900s have been identified using radiocarbon 

evidence and dendrochronologically derived calendar dates (Ryder and 

Thomson, 1986; Desloges and Ryder, 1990; Smith and Desloges, 2000). Similar 

periods of glacial activity have been recorded at sites in Washington State at 

Mounts Baker and Rainier, where the earliest evidence for LIA glacial activity 

dates to date AD 121 7 (Crandell and Miller, 1964). Also distinguished are glacial 

events in the early-1 500s, the mid-1 700s to mid-1 800s, and the late-1 800s to 

early 1900s (Sigafoos and Hendricks, 1961, 1972; Heikkinen, 1984). 

1.2 Research purpose and objectives 

The research program documented in this dissertation was intended to 

document the magnitude and character of LIA glacial activity and related climatic 



6 

fluctuations within the Mt. Waddington area, southern British Columbia Coast 

Mountains. The research focused on three objectives: 

1. The development of a record of LIA ice front fluctuations. Lichenometric and 

dendroglaciological techniques were used to provide moraine dates from 

fourteen glacier sites. Lichenometric evidence on moraine substrate was 

abundant, and a locally calibrated lichen growth curve was used to provide 

minimum dates for moraine stabilization and glacier retreat. Where moraines 

supported living trees, or where subfossil or detrital wood was found, 

dendrochronological techniques were employed to provide additional dating 

control. Related aims were: 

a. to develop a lichen growth curve calibrated for the Mt. Waddington 

area, which will provide accurate dating of moraine surfaces; 

b. to assess periods of synchronous glacial behavior between the local 

moraine-building episodes; 

c. to provide a preliminary analysis of the local factors inducing 

differential glacial activity in the region; and, 

d. to compare the history of LIA glacial activity in the Mt. Waddington 

area to that of glaciers along the Pacific Coast of North America. 

2. The creation of proxy climate models for the past several centuries. Fifteen 

local tree-ring width chronologies were sampled from Mt. Waddington area 

forest populations in order to develop dendroclimatic relationships based on 

standardized procedures (Fritts, 1976) to build proxy climate models of mean 

temperature and spring snowpack. The development of climate records will 



provide new insights into the understanding of climate-glacier relationships 

during the LIA. Specific aims related to this topic were: 

a. to reconstruct LIA climate history in the Mt. Waddington area using 

chronologies of dominant conifer species: Pinus albicaulis Engelmann 

(whitebark pine), Abies lasiocarpa [Hooker] Nuttall (subalpine fir), 

Tsuga mertensiana (Bongard) Carriere (mountain hemlock), 

Pseudotsuga menziesii (Mirbel) Franco (Douglas-fir), and 

Chamaecyparis nootkatensis (D. Don in Lambert) Spach (yellow- 

cedar); 

b. to determine the relationships between climatic parameters and growth 

of high-elevation tree species; 

c. to assess the quality of the dendroclimatological tree species indicators 

under study; and, 

d. to estimate the main modes of variability found in tree rings and proxy 

climate models, in relation to oceanic and atmospheric circulation 

systems originating from the Pacific Ocean. 

The reconstruction of glacier mass balance using tree-growth relationships 

and covering the last 450 years. Tree-ring width chronologies were sampled 

close to glaciers and used to develop a relationship explaining most of the 

variation in glacier mass balance. The intention was: 

a. to reconstruct robust LIA-long proxy records of net, winter, and 

summer glacier mass balance, on a local and regional scale, through a 
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regression function from direct mass balance measurements to tree- 

ring width series; 

b. to compare glacier mass balance models obtained to known 20th 

century and reconstructed glacier front positions in the Mt. Waddington 

area; 

c. to determine the nature of the relationships between past climate 

fluctuations derived from regional dendroclimatic models, mostly those 

associated with wet and cool episodes that favor an increase in glacial 

mass, and periods of reconstructed positive mass balance; and, 

d. to estimate the main modes of variability found in proxy glacier mass 

balance models, in relation to oceanic and atmospheric circulation 

systems originating from the Pacific Ocean. 

The overall findings of this dissertation are summarized in a concluding 

chapter, following the presentati~n of four self-contained manuscripts: 

1 . "Calibrated Rhizocarpon geographicurn growth curve for the Mount 

Waddington Area, British Columbia, Coast Mountains, Canada". This paper 

includes a description of the procedures undertaken in the construction of a 

calibrated lichen growth curve used to date moraine formation and a 

validation process applied to Tiedemann Glacier in order to assess the 

accuracy of the lichenometric curve in dating LIA glacial events. 



2. "Little Ice Age glacial activity in the Mt. Waddington area, British Columbia 

Coast Mountains, Canada" presents the LIA glacial history of the Mt. 

Waddington area. 

3. "A dendroclimatological reconstruction of climate since AD 1700 in the Mt. 

Waddington area, British Columbia Coast Mountains, Canada". This paper 

describes a dendroclimatological analysis of tree-ring width measurements 

that was undertaken to reconstruct models of past climate. 

4. "Little Ice Age proxy glacier mass balance records reconstructed from tree 

rings in the Mt. Waddington area, British Columbia Coast Mountains, 

Canada". The intention of this paper is to show how tree-rings could be used 

to develop annually-resolved proxy models of glacier mass balance changes 

extending to AD 1550. 

A series of appendices are presented at the end of the dissertation. They are not 

referenced in the specific chapters but aim to provide additional information 

related to dendrochronological and lichenometric moraine dating, glaciers studied 

(e.g., photographs, detailed survey transects), and correlation matrices used in 

dendroclimatic analyses. 
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2.0 Calibrated Rhizocarpon geographicum growth curve for the Mt. 

Waddington area, British Columbia Coast Mountains, Canada 

2.1 Abstract 

A calibrated Rhizocarpon geographicum lichen growth curve was 

developed for the Bella Coola and Mt. Waddington areas, southern Coast 

Mountains of British Columbia (Canada). It is based on 18 control surfaces 

whose ages were determined using radiocarbon dates, tree-ring dated moraines, 

and ice front positions derived from historical air photographs. Population 

distribution statistics and an analysis of local factors were used to assess the 

validity of each control lichen measurement. The relationship is characterized by 

a logarithmic growth during the first 100 years following surface stabilization, and 

is described as linear for the successive 600 years. Application of the curve at 

Tiedemann Glacier revealed evidence for six periods of Little Ice Age moraine 

formation in AD 620, 925, 1 1 18, 1392, 1575, and 1621. The study confirms the 

importance of incorporating a multi-site approach and a lichen population 

dynamic assessment. Large sample sizes are necessary as variable rates of 

substrate stabilization, lichen population dynamics, and local disturbance greatly 

affect lichen growth, leading to potential dating errors of several decades. 

2.2 Introduction 

Lichenometric dating is based on the assumption that the largest lichen 

growing on a suitable substrate provides an approximation of the minimum age 



of exposure of this surface (Andrews and Webber, 1969; Gellatly, 1982; Innes, 

1985; McCarthy, 1997). Lichenometry is commonly used in arctic and alpine 

environments to provide a relative age for glacially-deposited surfaces, where 

trees are unavailable for dendrochronological dating or where radiocarbon dating 

is impractical (Smith et a/., 1995). Beschel (1961) was one of the first to use this 

technique in the European Alps and, since then, it has been widely applied 

(Beschel, 1973; Porter, 1981 ; Smith et a/., 1995; Harrison and Winchester, 2000; 

Smith and Desloges, 2000). The most widely used lichen growth curves have 

been developed for Rhizocarpon spp. (Gellatly, 1982; Innes, 1985; Andre, 1986; 

Broadbent and Bergqvist, 1986; Rod bell, 1992) 

The application of lichenometric techniques necessitates the construction 

of local or regional lichen growth curves (i.e., a plot of diameter vs. age). Growth 

curves are normally sigmoidal in shape, as they encompass growth patterns that 

include a period of great-growth, uniform-growth, and senescence (Innes, 1985). 

Two approaches have been developed in order to describe lichen growth rates in 

a given area: one "traditional" and another "statistical". The statistical approach is 

normally used to build growth curves based on large sample sizes that are 

restricted to the single largest lichen found on individual boulders. Statistical 

models are used as means of interpreting thallus-size distributions (McCarroll, 

1994; Bull et a/., 1995; Bull and Brandon, 1998; McCarthy, 1999). This approach 

seems particularly useful for dating multiple events on diachronic surfaces, such 

as snow avalanche (McCarroll, 1994) and rockfall deposits (Bull and Brandon, 
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The basic assumption of the traditional method is that the largest lichen 

growing on a rock surface or other suitable substrate is the oldest one, and thus 

provides a minimum date for the deposition or exposure of this surface (Andrews 

and Webber, 1969; Gellatly, 1982; McCarthy, 1997). While some researchers 

use only the largest lichen found at a site to provide a relative surface age, others 

establish the mean diameter of the 5, 10, 20, 25 or 50 largest lichens to reduce 

the impact of anomalously large lichens (Bradley, 1985; Innes, 1985; McCarroll, 

1994; Bull et a/., 1995). Traditional growth curves are constructed by establishing 

the size of lichens found growing on surfaces of known age (Gellatly, 1982; 

Innes, 1985). The most commonly used surfaces include gravestones and glacial 

moraines that have been independently dated using historical records, 

radiocarbon dating or dendrochronology (Lewis, 2001; Wiles ef a/., 2002) 

Both the traditional and the statistical approach to lichenometry introduce 

systematic errors that are related to imprecise dating of the age-calibrated 

surface involved (Gellatly, 1982; Bradley, 1985; Rodbell, 1992; Bull and Brandon, 

1998). If the sites to be dated are quite distant from the location where the growth 

curve is constructed, a calibration may be necessary in order to correct for any 

spatial variability in the growth rate. Other notable issues inherent to 

lichenometry include the application of curves that include several species of 

Rhizocarpon (Luckman, 1977; Wiles et a/., 2002) and that do not reflect growth 

trends associated with different geologic substrates (e.g., Porter, 1981 ) or 

regional climate variability (e.g., Osborn and Taylor, 1975). 



In the Pacific Northwest (PNW) of North America, five lichen growth 

curves exist that are relevant to this paper (Figs. 2.1 and 2.2). Denton and Karlen 

(1973) produced a Rhizocarpon spp. curve for the White River Valley and Skolai 

Pass in southeastern Alaska that was based on the maximum diameter of the 

largest lichen measured at 13 dated control surfaces dominated by andesitic 

substrates, located between 1 I00 and 1700 m asl. Their lichen growth curve 

shows an initial period of rapid growth, followed by a near linear period of growth 

that lasted for at least 2780 I4c years (wood within organic layer). In the same 

general area, Wiles et a/. (2002) developed a Rhizocarpon growth curve for the 

Wrangell Mountains that was based on maximum lichen diameters from nine 

dated control sites between 61 and 202 years in age. The difference noted after 

100 years between the two Alaskan curves may be related to more maritime 

conditions encountered at the control sites incorporated by Wiles et a/. (2002). 

In the southern Coast Mountains of British Columbia, an aggregate 

Rhizocarpon spp. curve was developed by Smith and Desloges (2000) for the 

Bella Coola and Monarch lcefield areas. Twelve control points were included in 

the analysis, with surface age being derived from low elevation gravestones (55 

m asl) and high-elevation (1 300-1450 m asl) tree-ring dated moraines (including 

correcting factors for ecesis, missing pith, and height of coring). The relationship 

between thallus diameter and surface age covers a period of 20 to 165 years. 

Lewis (2001) constructed a Rhizocarpon growth curve for Vancouver 

Island, British Columbia, that was based on the maximum diameter of the largest 

lichen found at 26 control sites from a low elevation graveyard (160 m asl) and 



four tree-ring dated moraines found at 1300 m as1 in Strathcona Provincial Park. 

His Rhizocarpon curve extends to 290-year old surfaces and suggests that lichen 

growth rates are dependent upon water supply and substrate (bedrock vs. 

boulder). 

In Washington State, Porter (1 981 ) undertook a detailed lichenometric 

analysis at Mount Rainier (1 000-2000 m asl). Control measurements were 

obtained from the maximum diameter of the largest lichen discovered on 

historical rock structures as old as 120 years. His investigations suggested there 

was a general reduction of lichen growth rate with time, notably following a 20- 

year period of great growth after surface stabilization. Moreover, he provided 

evidence suggesting reduced growth rates at high elevation sites and that growth 

rates were dependent upon whether the substrate was andesitic or granodioritic. 

In general, the lichen growth curves published for the Pacific Coast of 

North America span a relatively short period of time, resulting in thallus growth 

rates that suggest a logarithmic or exponential relationship associated to the 

great growth period for the first 75 to 100 years. Although an extrapolated linear 

relationship based on great growth rates is characteristically used to date older 

surfaces, lnnes (1 985) and Bradwell (2001) noted that the inherent assumptions 

possibly lead to dating errors. lnnes (1 985) suggests that a linear relationship 

may be safely applicable up to ca. 150 mm thallus diameter. The oldest lichen 

growth curve published in Pacific North America remains the one developed in 

Alaska by Denton and Karlen (1973), which shows a linear growth up to 3000 
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years BP. After the linear growth period, lichens tend to experience senescence, 

mortality or reduced rates of radial expansion. 

The purpose of this paper is to verify and extend the applicability of the 

Bella Coola Rhizocarpon spp. lichen growth curve developed by Smith and 

Desloges (2000) to the Mt. Waddington region (map sheet 92N, 1 :50,000) in the 

British Columbia Coast Mountains (Fig. 2.1). The Bella Coola (BC) curve is 

suggested as representative of the regional growth of Rhizocarpon spp., as it is 

well constrained by both high and low elevation control points that display 

consistent lichen growth trends (Smith and Desloges, 2000). Additional control 

points developed during the course of this study provide the opportunity to 

extend the curve back in time and to extend its spatial applicability. 

2.3 Study area 

The study area is located on the lee side of the Coast Mountains of British 

Columbia (Canada), between latitudes 51•‹14' N and 51'36' N (Fig. 2.3). The 

area is located at the northern limit of the Cascade magmatic arc that formed in 

response to the subduction of the Juan de Fuca Plate under the North American 

Plate (Hickson, 1994). The Coast Mountains are largely composed of intrusive 

granodiorites and granites, volcanic andesites and rhyolites, and metamorphosed 

sedimentary and volcanic rocks (Hickson, 1994; Monger and Journeay, 1994). 

Some of the highest peaks in British Columbia are found in this area, with Mt. 

Waddington at an elevation of 4019 m asl. Precipitation totals decrease 

substantially from 1677 mmlyear at Bella Coola (normals 1961 -1 990; 5Z022'N- 



23 

126'41 'W, 18 m asl) (Fig. 2.1), to 426 mmlyear at Williams Lake (normals 1961 - 

1990; 52OI I'N-l22O03'W, 940 m asl; Meteorological Service of Canada, 2002). In 

the Mt. Waddington area, the most representative climate stations (normals 

1 961 -1 990; Big Creek: 51 "43'N-I23"O2'W, 1 I28 m asl; Tatlayoko Lake: 51 "4O'N- 

124"24'W, 853 m asl) have precipitation totals that average 334 to 429 mm a 

year, of which 30 to 40 % falls as snow. Mean annual air temperatures at the two 

stations average between 2.2"C to 4.2"C, with winter minimum and summer 

maximums averaging -9•‹C to -1 7.5"C and 18.6OC to 22.7"C respectively 

(Meteorological Service of Canada, 2002). 

Five sites were selected for detailed study and lichenometric analysis: 

Tiedemann, Oval, Whitesaddle, Razor Creek, and Cathedral glaciers. The study 

sites range in elevation from 500 m at Tiedemann Glacier to 1675 m at 

Whitesaddle Glacier. All the surveys reported were undertaken below the local 

tree line and within glacial forefields established during the maximum Little Ice 

Age (LIA) glacial advance. Variations in temperature and precipitation are 

expected between the five sites, as aspect, elevation, and local factors are not 

consistent throughout the sampling population. The surrounding forest is 

dominated by subalpine fir (Abies lasiocarpa [Hooker] Nuttall) trees at higher 

elevations, with stands of whitebark pine (Pinus albicaulis Engelmann), Douglas- 

fir (Pseudotsuga menziesii (Mirbel) Franco), mountain hemlock (Tsuga 

merfensiana (Bongard) Carriere), and yellow-cedar (Chamaecyparis 

nootkatensis (D. Don in Lambert) Spach) are also present. 



2.4 Methodology 

The largest lichen thallus is considered the most appropriate parameter for 

providing the best estimate of surface age in lichenometric studies because its 

size is proportional to the length of time that the surface has been exposed or 

stabilized, and therefore it represents the highest potential growth (Innes, 1985; 

Bull and Brandon, 1998). In this study, the largest and the smallest diameters of 

near circular thalli from the genus Rhizocarpon were measured using digital 

calipers (precision of rt: 0.1 mm; Appendix 2a). Only the largest diameter has 

been used to calibrate the BC curve to conform to the methodology used by 

Smith and Desloges (2000). No distinction between rock types was made as their 

influence is considered minimal (O'Neal and Schoenenberger, 2003), but lichens 

were mostly associated with andesitic, granodioritic, and granitic rocks. 

Anomalous lichens (non-circular, damaged, competing, merging, wrapped 

around corners) or those found below snow avalanche zones were systematically 

rejected. 

As species of Rhizocarpon cannot be differentiated by visual inspection, 

ten random lichen samples were identified using chemical tests and microscopic 

descriptions of apothecia (reproductive structures) (K. A. Glew, Department of 

Biology, University of Puget Sound). This subset of lichens was from different 

locations and was found growing on a variety of rock lithologies. 

Wherever possible, a minimum sample of 30 thalli was measured over a 

searching area of about 100 m2. However, because of the nature of some control 

points, smaller searching areas and fewer thalli (n=7) were also included. In total, 
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11 control points were established by using historical air photographs to position 

glacier fronts, by dating historical structures, by applying radiocarbon dating, and 

by establishing the ages of living trees found growing on lateral moraines. 

A statistical procedure is proposed to determine the validity of the selected 

control sites (c.f. Bradwell, 2001 ). Frequency histograms of the lichen 

populations on each site were produced to assess the normality of the 

distribution and the presence of outliers. Where the sample size was greater than 

n=30 and there was a possibility that older lichen might be included in the sample 

(e.g., colonization of supraglacial debris), a Shapiro-Wilk test was employed to 

identify non-normally distributed lichen samples (Pearson eta/., 1977). When a 

non-normal distribution was detected, outliers were rejected. Where the sample 

size was small, the largest thalli were not eliminated, as the risks of 

underestimating surface ages are greater with fewer samples. 

After selecting the largest lichen on each control site, the remaining points 

were added to the BC curve to determine the degree of correspondence between 

the two geographical areas. Selected points were translated into line equations 

defining the best fit of a particular statistical lichen growth relationship for the 

Bella CoolaNVaddington (BCW) area. Following the methods developed by 

Reynolds (2001 ) and Rod bell (1 992), 95% confidence intervals were established 

in order to assign age-specific error estimates. 



2.5 Results 

2.5.1 Lichen identification 

The majority of lichens submitted for identification were identified as 

Rhizocarpon geographicum (L.) DC. (Table 2.1), with two thalli tentatively 

identified as Rhizocarpon macrosporum Rasanen. While the Rhizocarpon 

geographicum (L.) DC were found on a variety of substrates, the Rhizocarpon 

macrosporum Rasanen thalli were both found growing on fine-grained andesitic 

substrates. Although this species has been reported to grow at a faster rate than 

R. geographicum (Luckman, 1977), its limited occurrence in the Mt. Waddington 

area suggests the majority of lichen measured were likely Rhizocarpon 

geographicum (L.) DC. 

2.5.2 Lichen growth curve 

The lichen growth curve presented here (BCW curve) is derived from 

control points established in the Bella CoolaIMonarch lcefield (Smith and 

Desloges, 2000) and from new sites in the Mt. Waddington area. The list of 

control points used to establish the BCW Rhizocarpon spp. lichen growth curve 

are presented in Table 2.2 (see Smith and Desloges (2000) for details of control 

points used to construct the original BC curve). Although these two areas are ca. 

100 km apart, both include independently-dated control sites located above 1300 

m as1 on the lee side of the Coast Mountains where the environmental conditions 

are relatively homogenous. 
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In the Mt. Waddington area, 11 potential control points were examined to 

further calibrate the BCW (Fig. 2.4): 

1. At Tiedemann Glacier (51 "1 9'N; 124O54'W), aerial photographs dating 

from 1954 to 1994 (BCI 849-76; BC5148-69; BC7859-203; BCC286-95; 

BCC94039-178) were used to map the position of the receding ice front. 

Lichens were measured at 50 m intervals along a valley-bottom transect 

that extended down valley from the 2000 ice front position. Photograph 

overexposure in 1954 and intense glaciofluvial activity in the ice proximal 

area in 1965 greatly reduces the validity of the lichen measurements taken 

at sites 19 and 20. Lichen samples from sites 8 and 19 include abnormally 

large lichens that failed the Shapiro-Wilk normality test (Table 2.3). Lichen 

measurements from sites 19 and 20 were not included in the analysis 

leading to the BCW growth curve presented in Fig. 2.2. 

2. At Oval Glacier (51 "29'N; 125'1 5'W), control point 16 was derived from a 

subfossil log found partially buried by a large boulder on the distal slope of 

a prominent moraine. The maximum lichen diameter (34.4 mm) measured 

on the boulder provides an additional dated control point. Annual growth 

rings in the subfossil log were cross-dated to a local living subalpine fir 

tree-ring chronology using standardized dendrochronological techniques 

(Stokes and Smiley, l968), giving a kill date of 1864 that provides a 

minimum age for moraine formation. 

3. Radiocarbon dated subfossil wood found at Whitesaddle Glacier (51 "36'N; 

124'50'W) extends the BCW curve from 165 years to 680 years. 
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Calibrated radiocarbon dates (#I 8: 76Of 50 I4c years BP, Beta-1 66885; 

#23: 540k60 I4c years BP, Beta-1 651 15) were obtained from two in situ 

stumps located distal to the outermost lateral moraine. Lichens found 

growing on boulders included in a debris tongue directly related to the 

killing of the stump at site 18 were used to establish a control point dated 

to 680 Cai. yr BP (max. diameter: 85 mm; Fig. 2.5). A lack of lichen on 

boulders overlying the second in situ stump (#23) and the lack of 

geomorphological evidence for a distal collapse of the moraine suggest 

the date is not as reliable. 

4. Lichen found growing on a rock cairn constructed during a geological 

survey in 1958 on a terminal moraine at Razor Creek Glacier (site #21; 

51 "34'N; 124O46'W) were measured and initially included in the BCW 

growth curve. As shown on Fig. 2.5, however, the largest lichen (9.4 mm) 

found on the cairn is well beyond the 95% confidence interval envelope 

and leads to an overestimation of surface age if integrated in the growth 

curve. It is likely that the growth conditions (e.g., wind desiccation) on the 

raised structure may lead to slower annual increment rates. 

5. At Cathedral Glacier (site #22; 5I014'N; 124O52'W), located on the west 

side of the Homathko Icefield, maximum lichen diameters (94.9 mm) on 

the crest of the outermost lateral moraine do not correspond to the cross- 

dated age of partially buried bole (Fig. 2.5). Given that the bole was found 

in a cavity of the distal moraine slope, proximal to a snow avalanche path, 

it was likely killed by a snow avalanche in ca. 1691. The multimodal 
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distribution of the largest lichens sampled supports this hypothesis (Fig. 

2.4). For this reason, this point was not integrated in the BCW curve. 

Comparison of radial growth trends of lichen found growing in the Bella Coola 

and Mt. Waddington areas indicates they share similar age-size relationships. 

For instance, the radial measurements from the low elevation Hagensborg 

graveyard site show a close association for younger ages to those measured at 

Tiedemann Glacier (sites 3, 5, 7, and 8; Table 2.2). The new BCW Rhizocarpon 

spp. lichen growth curve includes the 12 control points included in the original BC 

curve and six new points from the Mt. Waddington area (Table 2.2). Abnormal 

size-age distributions led to the deletion of five of the potential 11 Mt. 

Waddington control points (Fig. 2.4, Table 2.3). 

The first part of the BCW Rhizocarpon spp is best described as a 

logarithmic relationship: 

y=l3.4O98lnx-29.5l5 (1) 

with a 3 of 0.981 (p<0.000; Fig. 2.5). Using this relationship, the lichen ecesis 

interval is estimated at nine years (+3 years). The great growth interval extends 

from 9-60 years (0-25.4 mm thallus diameter). The average growth rate during 

this period of time is about 0.52 mmlyear. Between 60 and 165 years, the growth 

rate decreases to 0.28 mmlyear. Uniform growth, characterized by a linear 

function, starts at 100 years, was estimated from the junction of the logarithmic 

and the straight-line functions. After 165 years, only one radiocarbon dated 

calibration point is included in the curve. The line equation between 100 and 680 

years (32-85 mm thallus diameter) is: 
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y=0.0909x+23.2065 (2) 

While this portion of the curve from 165 to 680 years could not be described by 

regression analysis, the average rate radial growth (0.1 3 mmlyear) suggest that 

as these lichen age they experience progressively lower rates of growth. 

An error envelope was defined based on 95% confidence intervals of the 

regression analysis and the calibrated radiocarbon date of site 18. This error is 

minimal between 20 and 28 years, where the measurements are numerous and 

form a compact group. For a 25-year old surface (1 3.6 mm lichen), the error is 

estimated to be +6 and -5 years. In contrast, the inherent dating error increases 

to +45 and -30 years for a 150-year old surface, as the number of points 

decreases. A large difference exists with the confidence intervals of the 

regression equation including the deleted points (#19-21). Using wider 

confidence intervals, a 150-year old surface is bracketed by + I  59 and -84 years, 

which leads to meaningless age estimates. An error of +42 and -44 is found on a 

300-year old surface, with decreasing negative errors to -31 years on a surface 

dated at 650 years and an increasing positive values almost doubling (+77) for 

the same surface age. 

2.6 Application of the BCW lichen growth curve to Tiedemann Glacier 

The reliability of the BCW lichen for surface-age dating was assessed at 

Tiedemann Glacier, where two nested sets of lateral moraines have been 

described by previous researchers (Ryder and Thomson, 1986). While the outer 

set of well-weathered and forest-covered moraines is ascribed to the broadly- 
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recognized Tiedemann glacial advance at ca. 3300 BP, the inner sequence of , 

largely unvegetated moraine ridges is associated with distinct LIA 

advancelretreat episodes that were initiated prior to 900 BP (Fulton, 1971 ; Ryder 

and Thomson, 1986). A lichenometric survey in July 2000, focused on samples 

collected along eight transects which crossed the best preserved of the LIA 

moraine crests on the northern perimeter of the Tiedemann Glacier forefield 

(Figs. 2.6 and 2.7). Moraine crests were numbered according to their position on 

the transects (moraine 1 being the most distal), with moraine numbers from 

different transects at a site not necessarily being synchronous. The limited 

vegetation cover present on the moraines and their low elevation (ca. 700-900 m) 

suggests that lichen colonization patterns have probably not been influenced by 

either lingering snowpacks or competition. lndependent dating control for the 

moraine ages was obtained from radiocarbon and tree-ring dates, and existent 

North American Pacific Coast LIA glacial histories. 

Lichenometric surveys were completed at 24 measurement sites (Table 

2.4). Data from three of these did not pass the Shapiro-Wilk normality test and 

these dates were therefore carefully analyzed. For the data analysis a 

conservative approach was adopted, so as to not discard abnormally large lichen 

where no sign of disturbance was noted; especially if smaller lichen populations 

were sampled. As a result, only three outliers were removed from the distribution 

at sites A2, B2, and F1. 

Using the BCW lichen growth curve equations, dates of substrate 

stabilization associated with an k error envelope were calculated (Table 2.4), and 



transposed onto a frequency histogram (Fig. 2.8). Two dates do not show 

consistency with the transect moraine sequences: moraine D l  (AD 1499) is 

younger than D2 (AD 947), and G2 (AD 1600) is younger than G3 (AD 1472). Six 

periods of LIA moraine formation were recorded at Tiedemann Glacier, with 

minimum dates of AD 620,925,1118,1392,1575, and 1621. 

The lichenometric interpretations of multiple LIA glacial events are 

supported by the findings of previous research efforts in the PNW (e.g., Desloges 

and Ryder, 1990). Prior evidence for a 7th century glacial advance (620-684; 

moraines E l  and F1) at Tiedemann Glacier was reported by Fulton (1 971) from 

an 8th century basal peat deposit (Fig. 2.6; 1270k140 BP: AD 719, 746, 769) and 

by Ryder and Thomson (1 986) from a glacially-transported log (1 330+65 BP: AD 

674). Other supporting evidence for a widespread glacial advance at this time 

comes from Bridge Glacier (c.f. Ryder and Thomson, 1986), where an in situ 

glacially-sheared stump recovered in 2002 provided an age of 1500k80 BP (AD 

430-650), and from Alaska where investigations record the onset of LIA 

glaciation in the Kenai Fjords (AD 596 to 653; Wiles and Calkin, 1991, 1993, 

1994; Wiles eta/., 1995), at Tebenkof Glacier (AD 590 to 695; Wiles et a/., 1999), 

at Sheridan Glacier, and at Icy Bay (AD 560 to 601; Calkin et a/., 2001). 

The second LIA moraine-building episode at Tiedemann Glacier occurred 

between AD 925 and 947 (moraines D2, GI ,  and H2). Although evidence for 

glacial activity during this period is sparse, advances in the St. Elias and 

Wrangell Mountains (AD 700 to 900; Denton and Karlen, 1973) and Kenai Fjords 

(AD 897 to 968; Wiles and Calkin, 1993) may correspond to this event. 
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Lichens at A1 , B1, C1, and possibly F2, suggest that a third glacial 

advance in the 12th century ( I  1 18-1 310) led to the construction of moraines. 

This moraine-building event is likely correlative to time-synchronous advances 

recorded at Klinaklini Glacier (900k40 BP: AD 1160) in the Coast Mountains 

(Ryder and Thomson, 1986) and in the Monashee Mountains (910k130 BP: AD 

1071, 1079,1128; Lowdon and Blake, 1975; referenced by Ryder and Thomson, 

1986). 

A period of moraine building was lichenometrically dated to between 1392 

and 1472 (moraines A2, B2, and G3) at Tiedemann Glacier. In the southern 

British Columbia Coast Mountains, there is evidence that Colonel Foster Glacier 

(AD 1397; Lewis, 2001), Purgatory Glacier (460k50 BP: AD 1439,480*50 BP: 

AD 1434; Desloges and Ryder, 1990), Jacobsen Glacier (400k60 BP: AD 1468, 

Desloges and Ryder, 1990), and other glaciers described by Ryder and Thomson 

(1 986) were advancing and building moraines at this time. Synchronous 

advances in the Kenai Mountains (Bering: AD 1420, Gravingk: AD 1442, 

Tustemana: AD 1460, Bear, Exit, and Yalik glaciers: AD 1460) highlight the 

widespread nature of this activity. 

Moraines dating to the late-1 6th century (1 575-1 641 ; moraines A3, 83, 

C3, D3, and E2) at Tiedemann Glacier may correlate to advanced terminal 

positions at Mt. Baker (early-1 500s to AD 1559; Heikkinen, 1984) and Mt. Rainier 

(AD 151 9, 1528, 1552; Sigafoos and Hendricks, 1972) in Washington State, in 

the Kenai Mountains (AD 1587 to 1650; Wiles and Calkin, 1994, 2001 ; 
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radiocarbon date intercepting the calibration curve at AD 1525, 1558, 1631 ; 

Barclay et a/., 2001), which point to the probability that this was a regional event. 

A major moraine-building episode at Tiedemann Glacier dates to AD 

1621 -1 780 (moraines A4, B4, C4, and D4). A minimum date of AD 1621 appears 

related to a glacially-transported log (300+60 BP: AD 1637) reported by Ryder 

and Thomson (1 986) at a site farther up-valley. This late-1 7th and 18th century 

event is well represented at sites throughout the region (Clague and Mathewes, 

1996; Smith and Laroque, 1996; Lewis, 2001). 

2.7 Discussion 

The lichen growth trends illustrated by the BCW growth curve are similar 

in appearance over the first 60 years to those reported by Porter (1 981) and 

Lewis (2001), but thereafter declining growth rates suggest a closer relationship 

to the growth curves developed by Denton and Karlen (1973) and Wiles et a/. 

(2002) in Alaska (Figs. 2.2 and 2.5). The ecological reasons for these differential 

age-size relationships are difficult to assess, as there are few details available on 

specific environments at the various sites. Although the role of lithology on lichen 

growth was documented by Porter (1 981), it does not offer a complete 

explanation for the apparent spatial variation in R. geographicurn growth trends 

emerging within the Pacific Northwest. Faster rates of radial expansion at the 

more southerly sites (Lewis and Porter dating curves) suggest that environmental 

conditions in this region favour lichen growth, whereas more extreme conditions 
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in Alaska and the Mt. Waddington area, induced by latitude and possibly 

elevation, result in declining rates of growth with age. 

lnnes (1 985), and Benedict (1 990) demonstrated the impact of air 

temperature, moisture availability, altitude, and substrate on lichen growth. 

Nevertheless, it is not common to encounter lichen growth curves applied to 

areas covering 100s of km2, thereby implying that relatively homogenous growing 

conditions exist throughout a region (Rodbell, 1992; McCarthy and Smith, 1995; 

Calkin eta/., 1998; Bradwell, 2001). The BCW curve does suggest that it is 

possible to extend to at least 100 km the applicability of a lichenometric dating 

curve for surfaces younger than 165 years, without introducing major dating 

constraints. 

The investigations at Tiedemann Glacier suggest that the BCW lichen 

growth curve provides comparative relative ages for surfaces independently 

dated using radiocarbon dating and tree-rings in this region. Nevertheless, its 

site-specific applicability is limited in some settings. For instance, at Tiedemann 

Glacier the assigned age on the same continuous moraine crest varied by 200 

years or more (Table 2.4). Although such findings are most likely due to factors 

such as variable rates of substrate stabilization (Gellatly, 1982; Innes, 1985; 

Rodbell, 1992) and lichen population dynamics (Innes, 1985; McCarthy, 1997; 

1999), they do emphasize the importance of replication in lichen measurements. 

Further difficulties arise in assigning appropriate errors to lichen growth curves. 

While appropriate control points can be identified to permit the calculation of the 

95% confidence intervals, this is rarely possible in remote settings where there is 
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limited dating control. Reducing the confidence intervals is a major concern 

because it gives the opportunity to associate an acceptable error with the lichen 

date. 

2.8 Conclusion 

This paper confirms and strengthens the dating applicability of the Bella 

Coola lichen growth curve developed by Smith and Desloges (2000) to 

lichenometric studies in the Mt. Waddington area. A significant contribution of the 

BCW curve is the extension back to 680-year old surfaces, which will permit the 

relative age dating of LIA landforms. The study also stresses the importance of 

incorporating an adequate number of radial measurements and statistical 

normality testing to eliminate outliers that are inherent to lichen populations. 

Replication is necessary as substrate stabilization, lichen population distribution, 

and local disturbance greatly affect lichen growth, leading to dating errors of 

several decades. 
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Table 2.1. Lichen species identification (n=10) (K. A. Glew, Feb. 24, 2002). Eight 
lichens were identified as Rhizocarpon geographicum (L.) DC. upon a variety of 
lithologies (gneiss, andesite, granite, granodiorite). R. macrosporum Rasanen 
was found on two samples of andesite. 

Sample Location LatILong Elev. Lithology Species 
No ... - . ." .... .. SF?.) "" ....... " - "  

OOBl Oval GI. 51 "29'N; 1260 Gneiss R. geographicurn 
125'15'W (L.) DC. 

OOC2 Siva GI. 51 "39'N; 1500 Andesite R. geographicurn 
125" 1 O'W (L.) DC. 

00CM2 Siva GI. 51 "39'N; 1500 Granite R. geographicurn 
125•‹10'W (L.) DC. 

01 BM43 Hope GI. 5I031'N; 1830 Andesite R. macrosporurn 
124"53'W Rasanen ? 

01 CM21 Whitesaddle GI. 51 "36'N; 1525 Granodiorite R. geographicurn 
124'50'W (L.) DC. 

01 lM2 Ragnarok GI. 51 "36'N; 1520 Andesite R. geographicurn 
125O18'W (L.) DC. 

01 lM31 Ragnarok GI. 51 "36'N; 1520 Andesite R. rnacrosporurn 
125" 18'W Rasanen 

01 1M33 Ragnarok GI. 51 "36'N; 1520 Gneiss R. geographicurn 
125O18W (L.) DC. 

01 JM14 Cathedral GI. 51 "14'N; 1360 Quartz R. geographicurn 
124'52'W granite (L.) DC. 

01 JM31 Cathedral GI. 51 "14'N; 1360 Quartz R. geographicurn 
124"52 W granite (L.) DC. 



Table 2.2. Control points used to develop.the Bella Coola/Mt.Waddington (BCW) 
lichen growth curve. Asterisks represent sites not included in the curve. 

Surface Max. Elev. 
No. Location age diam. (m) Evidence Source 

i y r s )  (mm) 
1 Hagensborg 20 13 55 Gravestone Smith and Desloges (2000) 
2 Hagensborg 23 14 55 Gravestone Smith and Desloges (2000) 
3 Tiedemann 23 13.1 520 Photogrammetry This study 

Glacier 
4 Hagensborg 25 13 55 Gravestone Smith and Desloges (2000) 
5 Tiedemann 26 13.2 520 Photogrammetry This study 

Glacier 
6 Hagensborg 27 14 55 Gravestone Smith and Desloges (2000) 
7 Tiedemann 27 12.5 520 Photogrammetry This study 

Glacier 
8 Tiedemann 28 14.5 520 Photogrammetry This study 

Glacier 
9 Hagensborg 28 15 55 Gravestone Smith and Desloges (2000) 
10 Hagensborg 35 19 55 Gravestone Smith and Desloges (2000) 
11 Hagensborg 36 17 55 Gravestone Smith and Desloges (2000) 
12 East Smitley 55 25 1300 Oldest tree on Smith and Desloges (2000) 

moraine 
13 Hagensborg 62 27 55 Gravestone Smith and Desloges (2000) 
14 Hagensborg 100 31.5 55 Gravestone Smith and Desloges (2000) 
15 Deer Lake 111 35 1435 Oldest tree on Smith and Desloges (2000) 

moraine 
16 Oval Glacier 136 34.4 1320 Cross-dated This study 

fossil wood 
17 Talchako 165 40 1450 Oldest tree on Smith and Desloges (2000) 

Lateral moraine 
18 Whitesaddle 680 85 1675 Radiocarbon This study 

Glacier dated wood 
19 Tiedemann 29 24.1 * 520 Photogrammetry This study 

Glacier 
20 Tiedemann 31 27.6* 520 Photogrammetry This study 

Glacier 
21 Razor Creek 43 9.4* 1675 Survey post This study 

Glacier (cairn) 
22 Cathedral 309 94.9* 1550 Cross-dated This study 

Glacier fossil wood 
23 Whitesaddle 540 85* ? 675 Radiocarbon This study 

Glacier dated wood 



Table 2.3. Summary statistics of lichen measurements on Mt. Waddington control 
sites. Shapiro-Wilk test was applied on samples (n=30) to assess the normality of 
the distributions. Test failures represent non-normally distributed samples and 
include outliers that have been removed from the samples to construct the lichen 
growth curve. 

No. n - - Max. .... - diam. (mm) Mean -"- .... Std. Dev. NormaQTest .- 

3 30 13.1 9.2 1.7 Pass 
5 30 13.2 9.2 2 Pass 
7 30 12.5 8.4 2 Pass 
8 30 27.5 10.3 5.1 Fail 
16 10 34.4 27.6 3.68 NIA 
18 7 85 58.6 13 NIA 
19 30 40 18.4 7.1 Fail 
20 30 27.6 19 3.6 Pass 
21 10 9.4 5.5 2.1 NIA 
22 30 94.9 75.1 9.8 Pass 
23 7 85 58.6 13 NIA 



Table 2.4. Statistics of lichen populations measured at Tiedemann Glacier, and 
dates derived from the Bella Coola/Waddington (BCW) lichen growth curve. 
Asterisks indicate populations where an outlier was removed from the 
distribution. 

Moraine n 
""  " -""  

A1 30 
A2 31 
A3 30 
A4 30 
B1 22 
B2 24 
B3 30 
B4 32 
C1 31 
C3 30 
C4 30 
D l  12 
02  30 
D3 31 
D4 30 
E l  4 
E2 2 
F1 30 
F2 24 
G I  3 
G2 1 
G3 30 
G4 30 

Mean 
diam. 
(mm) - ." .. - 
69.4 
51.6 
42.6 
26 

64.3 
58.4 
40.1 
38 
55 

44.4 
33.6 
51.5 
64.9 
44.2 
35.1 
112.5 
52.1 
96.6 
48.2 
104.8 
N/A 
51.3 
41.6 

Std. 
Dev. 

10.5 
13.9 
7.2 
4.5 
12.4 
10.2 
7.3 
6.4 
12.4 
6.3 
5.4 
10.4 
16.5 
6.7 
6.8 
35.1 
12.7 
29.9 
15.4 
25.8 
N/A 
9.2 
6 

Max. Normality Diam. 
test 

Date AD - error - date + error + date 
Lw!l " .... " "_ " " 

Pass 
Fail 

Pass 
Fail 
N/A 
N/A 
Pass 
Pass 
Fail 

Pass 
Pass 
NIA 
Pass 
Pass 
Pass 
NIA 
NIA 
Pass 
Pass 
N/A 
N/A 

Pass 
Pass 



Figure 2.1. Spatial distribution of lichen growth curves developed in the Pacific 
Northwest of North America. 
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Figure 2.2. Comparative graph of lichen growth curves developed along the 
Pacific Coast of North America: Denton and Karlen (1 973), and Wiles ef a/. 
(2002) in Alaska; Lewis (2001) and this study in the southern B.C. Coast 
Mountains; Porter (1981) in Washington State, U.S.A. 



Figure 2.3. Location of control sites in the Mt. Waddington area. In total, 11 
control lichen measurement sites were sampled, from five different glaciers. 
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Figure 2.5. Lichen growth curve developed for the Mt. Waddington area. A 
logarithmic relationship explains best the first 100 years of growth. Between 100 
and 680 years, a straight line describes the growth. The error associated with the 
curve corresponds to the 95% confidence interval of the logarithmic regression 
and the I4c calibrated 95% probability. 



% Tiedemann Glacier 

Figure 2.6. Location of lichen measurement transects at Tiedemann Glacier. 
Lichens were measured along eight transects, for a total of 24 sampling sites. 
One radiocarbon date of 1270+140 yr BP was obtained from basal peat outside 
the outermost LIA moraine (Fulton, 1971 ). 



Figure 2.7. Presented here are typical lateral moraines as seen at Tiedemann 
Glacier, showing sparsely distributed trees (whitebark pine, subalpine fir, and 
Douglas-fir) on four successive bouldery ridges. 



Lichen years AD 

Figure 2.8. Frequency distribution of lichen dates obtained at Tiedemann Glacier. 
Stabilization of lateral moraine substrate, leading to lichen colonization, occurred 
in six distinct periods, with minimum dates of AD 620, 925, 1 1 18, 1392, 1575, 
and 1621. 
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3.0 Little Ice Age glacial activity in the Mt. Waddington area, British 

Columbia Coast Mountains, Canada 

3.1 Abstract 

The establishment of fourteen Little Ice Age (LIA) glacier chronologies in 

the Mt. Waddington area led to the development of an extended history of glacial 

activity in this portion of southern British Columbia Coast Mountains (Canada). 

The glaciers are located within four different mountain ranges, and were of 

varying size and aspect. Dendrochronological and lichenometric techniques were 

used to provide relative age estimates of moraines formed as glacier termini 

retreated from advanced positions. Evidence for pre-LIA glacial events is best 

preserved at Tiedemann Glacier, where the oldest glacial advances date to AD 

620 and 925-933. Soil-covered and well-vegetated moraines built at Cathedral, 

Pagoda, and Siva glaciers date to between AD 1203 and 1226. Following this 

event, moraines constructed at Ragnarok, Siva, and Cathedral glaciers in the 

mid-14th century suggest glaciers in the region underwent a period of 

downwasting and retreat before readvancing. The majority of moraines recorded 

in the Mt. Waddington area describe late-LIA glacial events shown to have 

constructed moraines that date to AD 1443-1458, 1506-1 524, 1562-1 575, 1597- 

1621, 1657-1 660, 1767-1 784, 1821 -1 837, 1871 -1 900, 191 5-1 928, and 1942- 

1946. Over the last 500 years the moraine-building episodes were shown to 

occur on average every 65 years and suggest there has been prolonged 

synchronicity in the glaciological response to persistent climate forcing 

mechanisms. Nevertheless, my analysis suggests that local factors such as 
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aspect and size play an important role in individual glacial response. Notably, ice 

termini of medium-size glaciers facing eastwards showed a quicker response to 

climatically induced mass balance changes. 

3.2 Introduction 

Beginning in the 12th century, glaciers throughout the western Canadian 

Cordillera began to advance down valley following the onset of Little Ice Age 

(LIA) glacial conditions (Luckman et a/., 1993). This LIA activity matches a period 

of worldwide glacial expansion (Grove, 1988) and, in the southern Canadian 

Cordillera context, corresponds to an interval when the average summer 

temperature was more than 1 OC cooler than at present (Luckman, 2000). 

Throughout the last millennium, there is evidence for multiple pulses of glacial 

expansion interspersed with periods when glacier ice fronts retreated from their 

maximum terminal positions (Grove, 1988). 

LIA glacial chronologies along the Pole-Equator-Pole transect (PEP 1) 

show that there is a broad synchronicity in the initiation and timing of glacial 

events in the western Americas (Luckman and Villalba, 2001). Examined in 

detail, however, mass balance data in western North America suggest that the 

findings greatly simplify complex glacier-climate relationships that have changed 

over time and vary depending upon local factors and complex mass balance 

adjustments (Walters and Meier, 1989; Hodge et a/., 1998; Pelto and Riedel, 

2001). Developing a spatial and temporal understanding of the regional mass 

balance variations is fundamental in the assessment of past climate. 
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Although a number of studies have been undertaken that offer insights 

into the LIA history of glaciers in the Canadian Rocky Mountains (e.g., Luckman, 

1988; 1992; 1996; 2000; Osborn and Luckman, 1988; Smith et a/. , 1995), only a 

few researchers have described the LIA behaviour of glaciers in the more 

westerly British Columbia Coast Mountains (Ryder and Thomson, 1986; 

Desloges and Ryder, 1990; Smith and Desloges, 2000). There remains a 

significant need for detailed, well-dated records of LIA glacier fluctuations linked 

to better pre-instrumental proxy records describing the climate factors that control 

glacier mass balance. This need is particularly acute in the Pacific Northwest 

portion of the PEP 1 transect, where Pacific teleconnections result in differential 

mass balance states between glaciers in Alaska and those in southern Canada 

(Walters and Meier, 1989). 

The purpose of this paper is to document the LIA history of glaciers in the 

Mt. Waddington area of the British Columbia Coast Mountains (Fig. 3.1). 

Detailed field studies were undertaken at glacier forefields, where lichenometric 

and dendrochronological techniques were used to reconstruct the LIA glacial 

history of this portion of the Coast Mountains. Local LIA glacial chronologies are 

used to build a regional synthesis and assess this record in the context of LIA 

glacial activity within Pacific North America. 

3.3 Study area 

The study area is located on the lee (eastern) side of the southern Coast 

Mountains of British Columbia, Canada (Fig. 3.1). Corresponding to an area of 
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375 km by 490 km (183 750 km2), the region encompasses the Niut and 

Pantheon ranges in the north, and the Waddington and Homathko ranges in the 

south. The Niut and Pantheon ranges, located adjacent to the Interior Plateau, 

have an average annual air temperature ranging from 2.2OC (normals 1961 -1 990; 

Big Creek; 51 O43'N-I23O02'W, I 128 m asl) to 4.1 OC (normals 1961 -1 990; 

Williams Lake; 52O1 I'N-122"03'W, 940 m asl). Average annual total precipitation 

falls within the 400 to 450 mmlyear range (Meteorological Service of Canada, 

2002). The more maritime Waddington and Homathko ranges have an average 

annual temperature of 7.g•‹C (normals 1961-1 990; Bella Coola, 52O22'N- 

126O41'W, 18 m asl) and annual total precipitation averages 1677 mm. 

The forest cover of the study area is dominated by subalpine fir (Abies 

lasiocarpa [Hooker] Nuttall) at higher elevations, except within the northern 

portion of the region where whitebark pine (Pinus albicaulis Engelmann) favours 

disturbed and rocky sites (Hansen-Bristow et a/., 1990; Meidinger and Pojar, 

1991). In the southern portion of the study area, in addition to subalpine fir, 

homogenous and mixed stands of mountain hemlock (Tsuga mettensiana 

(Bongard) Carriere) and yellow-cedar (Chamaecyparis nootkatensis (D. Don in 

Lambert) Spach) characterize most lower-elevation slopes. Restricted stands of 

Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco) are limited to a few 

scattered south-facing slopes. 
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3.4 Study sites 

The remoteness of this area precluded preliminary field reconnaissance, 

so air photographs were used to assess the potential LIA record at each site. 

Forefields fronting cirque and valley glaciers were preferentially examined, as 

these types of glaciers are more sensitive than other glacier types to climatically 

induced mass balance adjustments (e.g., Grudd, 1990; Lawby et a/., 1995). In 

total, fourteen sites displaying multiple lateral and end moraine crests were 

identified for detailed study: six in the Pantheon Range, five in the Niut Range, 

two in the Waddington Range, and one on the northwest side of the Homathko 

lcefield (Fig. 3.1, Table 3.1). The majority of the forefields are fed by glaciers with 

northerly or easterly aspects; only one faces south. The forefields extend down 

valley to terminate at elevations ranging from 425 to 1880 m asl, with most 

positioned below the local treeline. 

3.5 Methods 

Field surveys were undertaken in July 2000 and 2001. Measurements and 

sampling occurred along linear transects placed perpendicular to representative 

moraine sequences. Moraine crests were numbered according to their position 

on the transects (moraine 1 being the most distal), with moraine numbers from 

different transects at a site not necessarily being time synchronous. 

Lichenometric evidence on moraine substrate was abundant, and I used a locally 

calibrated lichen growth curve to provide minimum dates for moraine stabilization 

and glacier retreat. Where moraines supported living trees, or where subfossil or 
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detrital wood was found, dendrochronological techniques were employed to 

provide additional dating control (see Table 3.2, Appendix 1). Moraine dates are 

given in years AD, unless specified otherwise. 

3.5.1 Lichenometric techniques 

Lichenometric dating is based on the assumption that the largest lichen 

growing on a suitable substrate provides an approximation of the minimum date 

of deposition or exposure of this surface (Andrews and Webber, 1969; Gellatly, 

1982; Innes, 1985; McCarthy, 1997). This technique has been widely applied in 

glaciated areas (Beschel, 1973; Porter, 1981 ; Smith et a/., 1995; Harrison and 

Winchester, 2000; Smith and Desloges, 2000; Wiles et a/., 2002) and remains 

the only reliable relative dating technique for application at LIA sites where a lack 

of trees precludes radiocarbon and/or dendrochronological analysis. 

My lichenometric assessments were based upon a regional lichen growth 

curve originally developed from twelve control points in the Bella Coola/Monarch 

lcefield area by Smith and Desloges (2000). 1 extended the growth curve from 

165 to 680 years with six additional control points (based on photogrammetric, 

dendrochronologic, and radiocarbon evidence) calibrated to the Mt. Waddington 

area (Figs. 2.5 and 3.2). This curve is a compilation of single largest Rhizocarpon 

spp. (usually R. geographicurn) thalli data and is assumed to be representative of 

lichen growth throughout this region. Beyond 680 years (thallus diameter: 85 

mm), surface dates were derived by means of linear extrapolation. 
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Dating errors associated with lichenometry are attributed to measurement 

errors, growth curve inaccuracies, microclimate factors, and variable rates of 

moraine stabilization (Innes, 1985). In this instance, I assigned dating errors 

based on the 95% confidence interval, with error estimates ranging from +20-28 

years at the beginning of the 20th century to +77 and -31 years for 650-year-old 

surfaces. As a result of this inherent uncertainty, and the difficulty of correlating 

individual moraine segments within complex forefield sequences, I opted for a 

high number of lichen measurements at several sites and transects for more 

reliable estimates of the timing of glacier retreat from each moraine. 

At each glacier site, one to seven transects intersecting multiple moraine 

ridges were examined for the presence of lichen (see maps in Figs. 3.3, 3.6 to 

3.13, and Table 3.2). The largest and the smallest diameters of 30 visually 

selected largest, near-circular, non-competing Rhizocarpon thalli were measured 

along 50 m moraine crest transects using digital calipers (precision of k0.1 mm; 

Appendix 2a). Normality tests (Shapiro-Wilk Normality Test for samples where 

n<50) and visual analysis of lichen distribution, combined with a relative 

assessment of the possible disturbance factors at the measurement sites (such 

as snow avalanche activity, late snowpack, rockfall, etc.), were used to 

systematically reject anomalous lichens. The single largest thallus diameter was 

used to establish an absolute minimum date for the moraine stabilization (and 

therefore glacier retreat). See Table 3.2 and Appendix 2b for the error estimates, 

which were not included in the text for simplification. 



3.5.2 Dendrochronological techniques 

The age of the oldest tree found growing on the moraine crests at each 

site was established by collecting one or two increment cores from living stems 

and by counting the number of annual tree rings present (Appendix la). To 

correct for missed piths, I used the pith locator application developed by 

Applequist (1958) to estimate the number of missing rings. On average, eight 

years were added to the tree-ring dates, with a maximum of 58 years added in 

one instance (Appendix I b). 

Pith dates do not necessarily provide a precise surface age for coarse 

substrate due to variable ecesis intervals and systematic sampling-height errors. 

To get a reasonable estimate of the date of the surface stabilization, I attempted 

to establish the duration of the ecesis interval using the transect method 

employed by McCarthy and Luckman (1 993). Trees found growing on recently 

deposited sediments proximal to the terminus of Tiedemann Glacier were 

sampled at ground level. Corresponding surface dates were established with 

reference to aerial photographs. The dates were used to determine the time 

interval since the ice front had retreated and the oldest tree became established. 

A median ecesis of six years for whitebark pine and one year for subalpine fir 

was calculated at this site. While similar short ecesis periods have been reported 

for high-elevation conifers in Washington State and Vancouver Island (Sigafoos 

and Hendricks, 1961 ; 1972; Lewis, 2001), 1 suspect that the valley-bottom ecesis 

intervals greatly underestimate those on moraine crests where conditions do not 

favour seedling establishment (e.g., wind, coarse material). As a consequence, a 
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regional ecesis of 18 years was adopted based on an average of estimates 

derived from different studies along the Pacific Coast (Table 3.3). This estimate 

was used at all sites, regardless of site differences, because of the general lack 

of knowledge on tree growth variability related to substrate and microclimate 

factors. Because of this uncertainty, I incorporated error ranges from +33 

(maximum ecesis observed) to -1 8 years (no ecesis interval added; Appendix 

I b), not included in the text for simplification. 

To correct for sampling-height errors (c.f. McCarthy et a/., 1991), 1 

developed a regional correction factor for the Mt. Waddington area by sampling 

different tree species at ground level (Table 3.4). Whitebark pine seedlings were 

shown to grow more rapidly (5 cmlyr) than subalpine fir stems (1.67 cmlyr) on 

moraine crests. The values were applied to correct tree-ring dates obtained for 

the two species. Subalpine fir seedlings show slower average growth rates (1.35 

cmlyr) on nearby valley floors. The rates of growth are less than those estimated 

by Desloges and Ryder (1 990) for high-elevation subalpine fir and lodgepole pine 

(3.1 7 cmlyr) in the nearby Bella Coola area. 

Additional dendrochronological indicators of LIA glacial activity included 

sections of detrital wood and in situ tree stumps sampled to provide an indication 

of periods of glacier advance. Fifteen local living tree-ring chronologies were 

developed using standard techniques to permit crossdating of the living and 

subfossil samples (Stokes and Smiley, 1968; Fritts, 1976). Visual comparison of 

marker years and verification procedures within the COFECHA software program 

(Holmes, 1999; Grissino-Mayer, 2001) were used to establish absolute dates for 



the subfossil wood samples. The relative ages of a limited number of wood 

samples were assigned by I4c dating. 

3.6 Local LIA chronologies 

3.6.1 Pantheon Range 

3.6.1 .I Astarte Glacier 

Astarte Glacier is located in the Pantheon Range and has a sparsely 

vegetated forefield that extends down to I880 m as1 (Fig. 3.3, Table 3.1, 

Appendix 3). Two transects were surveyed, one including a sequence of three 

moraines at the terminal position (a), fragmented by glaciofluvial activity, and a 

second through a nested lateral moraine complex (b) (Fig. 3.4). The moraines 

were mostly bare of seedlings and woody vegetation. Consequently, the LIA 

chronology was established solely on the basis of lichenometry (Table 3.2). On 

each transect, three end moraines were located, built during four distinct ice 

advances, with minimum dates for ice retreat of 1597, 1767, 1895, and 1942 

(Fig. 3.5). 

The outermost moraine (A1 , 61) records a late-1 500s advance that ended 

by 1597. A succeeding advance in the 18th century built an end moraine that had 

stabilized by 1767 (A2). Moraines A3 and B2 are morphologically continuous and 

were likely built during the same ice advance, which retreated by at least 1895. 

B3 moraine, not represented on transect a, on the north side of the glacial 

forefield, was dated to 1942, suggesting a possible readvance during the first 

part of the 20th century. 
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3.6.1.2 Byamee Glacier 

The forefield at Byamee Glacier has a altitudinal lower limit of 1720 m as1 

and is distinguished by three main ridges along the northern moraine perimeter 

(Figs. 3.3, 3.4, Table 3.1, Appendix 4). The outermost moraine A1 shows 

different morphological characteristics and presents signs of intense weathering 

(e.g., collapse of distal slope, soil development). It is a relatively low ridge 

compared to the two massive moraines A2 and A3, whose crests are 50 m 

higher in elevation. On A l ,  a lichen date of 1405 was estimated, and lichens 

found growing at location b (Fig. 3.3) give a minimum age of 1837 for the two 

nested moraines that overshadow the oldest moraine (Fig. 3.5, Table 3.2). Based 

on the ice front position of Byamee Glacier in 1954 (air photograph BC1831-I O), 

similar to the 1994 position, the moraine dates assigned by lichenometry at A2 

and A3 (1954 and 1960) were considered too recent and were rejected (Table 

3.2). 

3.6.1.3 Nirvana Glacier 

Nirvana Glacier is a small cirque glacier surrounded by steep cliff faces 

(Fig. 3.3, Table 3.1). Although little of the glacier remained by 1965 (air 

photograph BC5144-12), during the LIA Nirvana Glacier advanced down valley to 

1800 m as1 to build two end moraines. Limited lichenometric and 

dendrochronologic evidence was found at this site, but lichen with a maximum 

diameter of 77.4 mm indicates that the outermost moraine (Al) was constructed 

by 1450 (Fig. 3.5). The date estimated from lichens growing at site b (1860) was 



67 

not considered reliable due to disturbance associated with recent thermokarstic 

activity that likely impaired lichen growth (air photographs BC1831-10, BC94067- 

105). 

3.6.1.4 Siva Glacier 

Siva Glacier originates from a small icefield on the upper slopes of Siva 

Mountain and is one of the largest glaciers in the Pantheon Range (Fig. 3.3, 

Table 3.1, Appendix 5). The maximum LIA extent of Siva Glacier is indicated by a 

partially forest-covered lateral-terminal moraine that extends to 1500 m asl. 

Proximal to this moraine are eight additional fragmented end moraines shown on 

transects c and d (Fig. 3.4). A continuous soil and vegetation cover on the 

outermost moraine (Al, C1, D l )  precluded lichen growth. Although an 

extrapolated lichenometric date of 1226 at C2 provides a minimum early-LIA date 

for the moraine (Fig. 3.5), the largest lichen (1 16.5 mm = 974 years) found 

growing on the moraine was rejected (due to an irregular shape and a non- 

normality of the population distribution) and the moraine may be a pre-LIA 

deposit. No equivalent was found on the other transects. The three outermost 

moraines on transect c are positioned in close proximity. Unstable distal and 

proximal slope sediments from moraine C2 have cascaded over top of C1 and 

C3 as determined by the absence of lichens and vegetation, precluding any 

relative dating of their emplacement. 

Moraines A2, B1, and C4 are part of the same moraine complex. A lichen 

with maximum diameter at C4 of 81.5 mm indicates that Siva Glacier was 
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retreating from this position by 1359. The more recent dates at A2 (1391) and B1 

(1448) are attributed to post-depositional slope activity on transects a and b, 

which are located adjacent to a slope affected by snow avalanches. The C5 

moraine dated to 1524 suggests that ice-front recession following the mid-14th 

century event was accompanied by a readvance, correlated with formation of 

moraines B2, D2, and F1. A brief period of recession followed until 1657, when 

moraines deposited at B3, C6, and E l  record a pervasive moraine-building 

episode. There is limited evidence for a subsequent glacial advance in the early- 

1700s at C7, where the moraine crest dates to 1724 (Table 3.2). 

Following these events, Siva Glacier underwent a period of retreat and 

downwasting, followed by a minor readvance that led to the stabilization of 

moraines A3, C8, and D5 by 1782 (Table 3.2). A final pulse of LIA activity is 

recorded by lichenometric evidence for an advance that terminated by I881 (B4, 

C9). Corollary evidence for subsequent ice-front retreat is provided by six in situ 

stumps at location g found within an abandoned stream channel distal to the 

terminal position of this late-1 9th century advance (Appendix 5c). This grove of 

trees, established in the mid-1 700s, was killed by fluvial erosion in 1906 during 

the early stages of ice-front retreat. Two moraine-building episodes are recorded 

at Siva Glacier during the first half of the 20th century. Moraines dated to 1921 

(D7 and D8) and 1942 (D9) by lichenometry and dendrochronology suggest that 

two still-stand or minor readvance episodes interrupted an extended period of ice 

retreat at Siva Glacier during the 20th century (Table 3.2). 
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3.6.1.5 Ragnarok Glacier 

Ragnarok Glacier is a composite valley glacier formed from the confluence 

of one valley glacier and two cirque glaciers (Fig. 3.6, Appendix 6). During the 

LIA the glacier extended down to 1320 m as1 (Table 3.1) to form a sequence of 

five end moraines. Two moraines (Dl, D2) remain undated at the lower limit of 

the forefield because of competition between lichen thalli and the absence of old 

trees. Although nested lateral moraines characterize the site, snow avalanche 

activity that disturbed trees and lichens growing along sites on transects a and b 

limits their usefulness for LIA reconstruction. The glacier foreland is generally 

bare of vegetation, except where wetter conditions have promoted the growth of 

dense alder thickets or permitted the establishment of isolated subalpine fir and 

whitebark pine trees. 

Early-LIA glacial activity is recorded at Ragnarok Glacier by a minimum 

lichen date of 1344 at moraine C1 (Fig. 3.5). This moraine is contiguous with the 

outermost moraines A1 and B1. There is limited evidence suggesting that by 

1616 (C2), Ragnarok Glacier had retreated some distance back up valley from 

an advanced position. An isolated lichen date of 1695 estimated for B3 may be 

related to the same glacial advance. 

A third advance occurred earlier than 1784 (B4), with most end moraines 

constructed before 1812 (C3) and 1829 (A2) (Table 3.2). The dates were 

retrieved from the same continuous moraine ridge. Short and morphologically 

indistinct moraine segments at the end of the transect D were tree-ring dated to 

1871, suggesting a succeeding advance occurred between 181 2 and 1871. 



3.6.1.6 Escape Glacier 

Escape Glacier is a small cirque glacier located at 1760 m as1 (Table 3.1). 

Four end moraines encompass the glacier forefield and lichenometric 

measurements were made along two transects (Fig. 3.7, Appendix 7). The two 

most distal partially-vegetated end moraines were constructed during glacial 

advances that terminated prior to 1146 (Al) and 1562 (B2) (Fig. 3.5). The third 

moraine was dated to 1924 (B3) using a combination of tree-ring and 

lichenometric data (Table 3.2). Air photographic coverage from 1954 and 1965 

(BCl830-93, BC5144-9) showing the glacier 300 m up valley from the most 

proximal moraine indicates that the lichenometric dates obtained for A4 (1960) 

and B4 (1962) underestimate its age. 

3.6.2 Niut Range 

3.6.2.1 Whitesaddle Glacier 

Whitesaddle Glacier is a debris-covered glacier that, at the height of the 

LIA, flowed down to 1525 m as1 and formed an ice dam that blocked Whitesaddle 

Creek below Liberty Glacier (Fig. 3.8, Table 3.1, Appendices 8 and 9a). The 

subsequent recession of Whitesaddle Glacier left behind a thick dam of morainic 

debris that continues to impound Whitesaddle Lake. The end moraine and north 

lateral moraine deposits are each characterized by three prominent ridge crests. 

A distinct small moraine segment composed of well-weathered and lichen- 

covered boulders is located at B1. Although an extrapolated lichen date for a 

single lichen thallus (max. diameter: 348 mm) of 3573 BP on B1 indicates it 
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predates the LIA, uncertainty as to the species suggests the date should be 

treated cautiously. 

Several detrital whitebark pine boles and in situ stumps were discovered 

buried below debris spilled distally during construction of the outermost lateral 

moraine at C1. Attempts to crossdate this subfossil wood to living subalpine fir 

and whitebark pine tree-ring chronologies developed from stands adjacent to 

Liberty and Siva glaciers failed. Calibrated radiocarbon dates on outermost rings 

of two in situ stumps suggest the moraine was constructed between I270 and 

1410 (Table 3.5, Appendix 8c). A lichen survey undertaken along the crest of the 

corresponding terminal moraine at A1 provides an extrapolated lichenometric 

date of 1260 (Fig. 3.5), supporting the interpretation of this moraine as an early- 

LIA feature. Two subsequent moraine-building events at Whitesaddle Glacier 

occurred in the 16th century by 151 1 (A2, C2, C3) and in the 19th century prior to 

1821 (A3) (Table 3.2). 

3.6.2.2 Liberty Glacier 

The lower forefield limit of Liberty Glacier is located at 1525 m as1 and 

records at least four moraine-building events (Fig. 3.5, Table 3.1, Appendix 9). 

Although four lateral moraines are present along the western perimeter of the 

forefield, surveys along the eastern forefield led to the discovery of seven 

moraine crests (Fig. 3.8). Because the lake and delta fragment the forefield, 

correlation between the two moraine sequences is based solely on the dating 

correspondence of individual moraines. 
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The oldest and most visibly weathered moraine fragment at Liberty Glacier 

is preserved sporadically on both sides of the forefield. Based on a single thallus 

(120.3 mm diameter) found at B1, the moraine has an extrapolated minimum 

date of 933 and may record a pre-LIA event. 

There is lichenometric evidence for a late-16th century advance that led to 

a sequence of moraine-building events at A l ,  B2, and B3 between 1506 and 

1638 (Table 3.2). Nested lateral moraines at location c (1 741), A3 (1 771), and A2 

(1782) record a subsequent readvance not recorded at transect b. Dates 

obtained on moraines A4 and A5 suggest a period of moraine construction in the 

early-1 900s. Moraines A6 and A7 are undated because of the lack of lichens, but 

record 20th-century recessional ice-front positions. A date of 1963 estimated on 

84 using lichens was clearly unreliable, as air photographs from 1965 (air 

photograph BC5144-88) show the ice front ca. 750 m up valley. 

3.6.2.3 Razor Creek Glacier 

Razor Creek Glacier is a valley glacier located in the Niut Range at 1650 

m as1 (Fig. 3.9, Table 3.1, Appendix 10). Three terminal moraines occur between 

the glacier forefield and a prominent delta. Although the second moraine is 

continuous, the distal and proximal moraines have been breached and partially 

buried by glaciofluvial outwash. Nested lateral moraines on either side of the 

glacier forefield record at least two moraine-building episodes. The outermost 

terminal moraine at C1 dates to a moraine-building event that ended by 1562 

(Fig. 3.5). A subsequent advance and retreat of Razor Creek Glacier led to the 
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stabilization of the distal lateral moraines at B1 (1 702) and location d (1 732) in 

the early part of the 18th century (Table 3.2). Tree-ring and lichen dates at C3 

indicate that the innermost moraine was constructed prior to 1946. 

3.6.2.4 Hope Glacier 

The terminal moraine complex at Hope Glacier is positioned directly 

adjacent to the local treeline at 1830 m as1 (Fig. 3.1 0, Table 3.1, Appendix 11). 

The two distal moraines are soil covered and mantled by a dense cover of alder 

andlor subalpine fir. An analysis of a paleosol found at location d (Fig. 3.10, 

Appendix I Id)  revealed characteristic podzolization and suggests that 

considerable time had elapsed prior to the construction of moraine 2 (A2, B2, C2) 

by 1275 (Fig. 3.5, Table 3.2). The paleosol may also be related to a period of soil 

development preceding formation of moraine 1 and preserved during the two first 

recorded Neoglacial advances. Directly up valley is a third moraine crest that 

surrounds the terminal complex with a minimum lichenometric date of 1614 (A3, 

A4, B3, C3). Behind this ridge is an end moraine couplet (A5-A6, B4-B5, and C4- 

C5), that dates to 1871 and 1915 (Table 3.2). No lichens were found on B6, but 

the moraine was possibly constructed at the same time as B5. 

3.6.2.5 Pagoda Glacier 

Pagoda Glacier is located one km down valley from Hope Glacier and at 

its LIA maximum extended across the adjoining trunk valley (Fig. 3.10, Appendix 

12). Although little remains of the terminal moraine complex, two sets of lateral 
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moraines provide insight into the LIA glacial history of Pagoda Glacier. The 

outermost moraine (location a) was constructed before 1203, with any evidence 

of subsequent early-LIA glacial activity buried by a 17th century advance that had 

ended by 1660 (locations b and c) (Fig. 3.5). A more recent advance 

corresponding to the formation of the massive lateral moraine at location d dates 

to the present century (Table 3.2). 

3.6.3 Homathko lcefield 

3.6.3.1 Cathedral Glacier 

Cathedral Glacier is a cirque glacier located on Klattasine Ridge, 

northwest of the Homathko lcefield (Fig. 3.1, Table 3.1, Appendix 13). Four 

prominent lateral and end moraines are found at an elevation of 1600 m (Fig. 

3.11). The lower part of the forefield spills over a steep slope and the southern 

part is highly disturbed by snow avalanches, resulting in an undefined outermost 

moraine crest (not shown on transect c). The moraine is present on transects a 

and b, where it corresponds to a continuous ridge along the forest line (A1 , BI). 

The second moraine disappears on transect a, but is clearly evident on transects 

b (B2) and c (CI). The third moraine is found as well at the lower part of the 

forefield, including sampling sites B3 and C2. The last moraine, observed on all 

transects, forms a morphologically continuous segment (A3, B4, and C3). The 

small A2 segment is not recognized anywhere else on the site, but it may have 

been constructed during the same period as the one that formed A3. 
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The earliest advance at this site was dated with reference to lichen 

growing on the outermost moraine (Al, BI), providing an extrapolated estimate 

of 1203 (Fig. 3.5). Two proximal moraines describe subsequent advances in the 

14th and 15th centuries that saw the ice-front recede from the two ridge crests by 

1362 (62) and 1458 (63, C2) respectively. Following this period of ice recession 

two 17th-century moraine-building episodes resulted in the construction of the 

ridge A21A3-64 by 1660. At C3, lichenometry provided a possible minimum 

construction date of 1806 for the proximal moraine (Table 3.2). 

3.6.4 Waddington Range 

3.6.4.1 Tiedemann Glacier 

Tiedemann Glacier is 24 km long and is one of the more prominent valley 

glaciers on the east side of the Waddington Range (Fig. 3.1, Table 3.1, Appendix 

14). My field studies were limited to the easternmost extent of the northern lateral 

and frontal complex (425 m asl). Previous investigations at Tiedemann Glacier 

have shown that the outermost moraines at Tiedemann Glacier (Fig. 3.12) date 

to 2940 BP (Fulton, 1971) and are associated with a period of Neoglacial ice 

expansion (Ryder and Thornson, 1986). No attempt was made to re-date this 

feature in the course of my research. The steep proximal slopes of the lateral 

moraine show evidence of massive slope failures and it is difficult to correlate the 

individual moraine crests (transects d to h) solely on the basis of their 

morphological characteristics. Transects located within distal sections of the 

forefield (a to c) revealed the presence of four non-fragmented and relatively 
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well-preserved terminal moraines. The most distal late-Neoglacial moraines on 

transects d to h exhibit a high degree of surface weathering. 

A number of nested moraine complexes record at least six successive 

pre-LIA and LIA moraine-building episodes at Tiedemann Glacier from the 7th to 

the 17th centuries. Two dates do not show consistency with the transect moraine 

sequences: moraine D l  (AD 1499) is younger than D2 (AD 947), and G2 (AD 

1600) is younger than G3 (AD 1472). Lichenometric dating of the outermost 

lateral moraine at transects e and f defines a moraine-building episode that dates 

to 620 (Fig. 3.5). Although this moraine age is extrapolated and the number of 

lichens measured on E l  is low (n=4), the sampled population from F1 (n=30) is 

statistically acceptable and normally distributed. 

A subsequent readvance built a massive lateral moraine (D2, GI ,  H2) that 

likely impounded North Tiedemann Lake prior to 925 (Table 3.2). A subsequent 

early-12th century advance before 11 18 (A1 , B l  , C1, F2) constructed a lateral- 

terminal moraine that demarcates the farthest down-valley extent of Tiedemann 

Glacier during the LIA. Following this event, ice-front fluctuations through the 

14th to 17th centuries created moraines dated to 1392 (moraine 2 on transects a 

and b, and moraine G3), 1575 (A3, B3, C3, D3, E2), and 1621 (A4, B4, C4, D4, 

G4) (Table 3.2). Although there is no morainic evidence for late-LIA activity, 

historical photographs from 1920 illustrate that the snout of Tiedemann Glacier 

was positioned close to that reached in the previous centuries (J.W. Clark, I- 

52517, 1-52521, Royal British Columbia Archives, Victoria). 
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3.6.4.2 Oval (Parallel) Glacier 

Oval Glacier (historically known as Parallel Glacier) is located on the 

northern edge of the Waddington Range (Fig. 3.1, Appendix 15). The glacier has 

retreated more than 800 m from a set of sparsely vegetated and fresh-appearing 

LIA moraines on the valley floor, and presently calves into Oval Lake (Fig. 3.1 3, 

Table 3.1). In the lower part of the forefield, a sequence of five LIA moraines has 

been preserved. One undated forested lateral moraine (Dl)  was observed distal 

to the LIA moraines. The surrounding valley slopes support mixed stands of 

mature subalpine fir trees and relatively young mountain hemlock trees. 

Although the morphological evidence is fragmentary, at least six distinct 

moraine-building episodes are preserved at Oval Glacier (Fig. 3.5). Although the 

age of the outermost moraine D l  was not established due to a scarcity of lichens 

on the few boulders that were not covered by moss or forest litter, it records an 

episode of early-Neoglacial ice expansion (cf. Ryder and Thomson 1986). Pre to 

early-LIA glacial advances are indicated by moraine ridges that date to 1031 

(moraines B1, C1, and D2) (Fig. 3.5). A subsequent period of glacial expansion 

occurred in the 15th century (1443, moraines B2, D3, and El). A lengthy period 

of fluctuating ice-fronts occurred from the early 1600s (1601) to mid-I 700s 

(1762). It is unclear if the 17th century encompassed one (1601) or two (1601, 

1705) glacial advances. The last LIA advance dates to between 1830 and 1894, 

before an extended period of 20th-century retreat began sometime after a 

possible short-lived still-stand before 1928. This position corresponds closely to 

that shown in an historic photograph taken by W.A.D. Munday during a 1933 



mountaineering expedition in the Waddington Range (1-61521, Royal British 

Columbia Archives, Victoria; Appendices 15c and 15d). 

3.7 Regional summary 

Figure 3.14 and Table 3.6 summarize the late-Holocene glacial record 

collected at the 14 study sites. Evidence for pre-LIA glacial events is best 

preserved at Tiedemann Glacier, where the oldest glacial advance recorded in 

the Mt. Waddington area dates to 620 (Fig. 3.14, Table 3.6). There is little 

indication of any further ice-front activity until the 10th century, when moraines 

constructed at Liberty and Tiedemann glaciers between 920 and 933 indicate 

that there must have been a subsequent interval of retreat and, possibly, 

readvance. At the majority of sites examined the evidence for the earlier events 

is presumably buried below the characteristically more massive LIA moraines 

that were created following the intervening Medieval Warm Period (Luckman 

1994). 

The early-LIA glacial record in the study area begins with moraines 

tentatively dated to 1031 at Oval Glacier, 11 18 at Tiedemann Glacier and 1146 at 

Escape Glacier. Although these unreplicated dates may describe glacier activity 

at the beginning of the LIA, my data show that most glaciers in the Mt. 

Waddington area did not reach their maximum LIA terminal positions until the 

13th, 15th and 16th centuries. Soil-covered and well-vegetated moraines 

constructed at Cathedral, Pagoda, and Siva glaciers date to between 1203 and 

1226, and provide the earliest definitive record of regional late-1 2th to early-1 3th 
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century advance that may benchmark the beginning of the early-LIA. Moraines 

constructed at Whitesaddle Glacier in 1260 and at Hope Glacier in 1275 may 

record a contemporaneous event or a second, largely unrecognized, mid-1 3th 

moraine-building episode. Following this period of early-LIA glacial activity, 

moraines constructed at Ragnarok, Siva, and Cathedral glaciers indicate glaciers 

in the region readvanced in the mid-14th century. 

The majority of moraines recorded in the Mt. Waddington area represent 

late-LIA glacial events. Following an interval when glaciers throughout the 

southern Canadian Cordillera experienced an extended period of retreat 

(Luckman 2000), fluctuating ice fronts over the following 500 years constructed 

moraines that date to 1443-1458, 1506-1 524, 1562-1 575, 1597-1 621, 1657- 

l66O,l767-l784,l82l-l837,l87l-l9OO, 191 5-1 928, and 1942-1946. 

Uncertainty exists concerning the moraines dated to 1405 at Byamee Glacier, 

1702 at Razor Creek Glacier, 1741 at Liberty Glacier, and 1806 at Cathedral 

Glacier, as moraines with corresponding dates were not identified at other sites. 

It may be that the moraines represent a response to local mass balance 

conditions or, more likely, that the ages assigned by lichenometry are spurious. 

The last 500 years of LIA glacial record compiled for the Mt. Waddington 

area suggests that successive glacial events (as identified by moraine-building 

episodes) occurred on average every 65 years (max.: 11 0, min.: 35) (Table 3.6). 

While this regional glaciological response is presumably related to large-scale 

climatic forcing associated with a phase of the Pacific Decadal Oscillation (e.g., 

Bitz and Battisti, 1999; Mantua and Hare, 2002), Tables 3.7 and 3.8 show that 



not all of the glaciers studied responded equally to the attendant mass balance 

changes. Differing local climates may offer a partial explanation for this 

differential response. For instance, glaciers in the drier Niut and Pantheon ranges 

appear to have responded sooner, six to eight times (40 to 43%) out of, 

respectively, 14 to 20 recorded moraine-building events. Ice termini of glaciers in 

the more humid Waddington Range and Homathko lcefield had in general a later 

response (43 to 75% of the time). 

To dissociate any size-dependent response variation between glaciers, I 

separated the glaciers by relative size and subdivided the medium-sized glaciers 

according to aspect. My data indicate that east-facing medium glaciers 

responded most rapidly to climate oscillations during the late-LIA with five (71 %) 

recorded glacial advances for this type of glacier corresponding to the earliest 

regional responses, and that large glaciers, represented only by Tiedemann 

Glacier, and north-facing medium valley glaciers did not reach their full extent 

until somewhat later (Table 3.8). The observations appear to corroborate 

previous findings noting that the terminus response of large valley glaciers and 

north-facing glaciers lag behind mass balance regime shifts (e.g., Oerlemans 

1989). Nevertheless, the potential dating errors inherent to the study and the 

limited number of glaciers surveyed limit my interpretations. 

3.8 Comparison with other LIA chronologies in the Pacific Northwest 

The LIA glacial record developed for the Mt. Waddington area 

corresponds closely to the emerging chronology of events in the Pacific 
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Northwest. My evidence for early LIA moraine-building activity at Tiedemann 

Glacier in 620 and 925-933 appears to be supported by local radiocarbon dates 

obtained by Fulton (1 971) and Ryder and Thomson (1 986) (1330+65 BP - AD 

674), and by corollary investigations at Bridge Glacier (Ryder and Thomson, 

1986; 1 1 1 5 M  BP - AD 901,918,960) and Purgatory Glacier (Desloges and 

Ryder, 1990; 1 1 10+70 BP - AD 902,917,962). Evidence for a 7th century 

glacial advance in this region has been reported from the Kenai Fjords area 

(Alaska), where Wiles and Calkin (1 990; 1991 ; 1993; 1994) and Wiles et a/. 

(1 995) crossdated subfossil wood with tree-ring chronologies and radiocarbon 

dated tree trunks found in till deposits deposited between 544 and 680. An 

analogous early-LIA advance was recorded at Tebenkof Glacier (628), in western 

Prince William Sound (Wiles et a/., 1999), Sheridan Glacier (560 and 600) (Tuthill 

et a/, , 1968; Yager et a/. , 1 998), Bering Glacier (580), and Icy Bay (601 -902) 

(Calkin eta/., 2001; Plafker and Miller, 1957; referenced by Heusser, 1957). In 

the St. Elias Mountains, Denton and Karlen (1973) propose a period of enhanced 

glacial activity between 700 and 900. To date, evidence for glacial activity at this 

time in Alaska is restricted to sites in the Kenai Fjords reported by Plafker and 

Miller (1 957; referenced by Heusser, 1957) and Wiles and Calkin (1 993). 

Moraines constructed during the 13th century at six glaciers in the Mt. 

Waddington area (between 1203-1 226 and 1260-1 275) correspond with woody 

debris found in paleosol horizons taken from lateral moraine sections at several 

locations in the British Columbia Coast Mountains (1217 AD - Ryder and 

Thomson, 1986; Desloges and Ryder 1990; AD 1295 and 1296 AD - Ryder and 
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Thomson, 1986; Desloges and Ryder, 1990) and Washington State Cascade 

Mountains (AD 121 7 at Carbon Glacier - Crandell and Miller, 1964; AD 1221 - 

Lowdon and Blake, 1975; referenced by Ryder and Thomson, 1986). Evidence 

of Alaskan glacial activity at this time points to advances that terminated between 

1 190-1 248 and 1240-1 300 (Wiles et a/., 1999; Calkin et a/., 2001 ) (Table 3.9). 

The 14th century advance (1344-1362) at Ragnarok, Siva, and Cathedral 

glaciers has been sparsely observed in Pacific North America, with only a single 

moraine dating to 1363 identified on Mt. Rainier (Sigafoos and Hendricks, 1972). 

Corresponding evidence for a 15th century advance (1443-1458) in the 

British Columbia Coast Mountains is abundant (Clague and Mathewes, 1996). 

Synchronous advances in the Kenai Mountains (Bering: 1420, Gravingk: 1442, 

Tustemana: 1460, Bear, Exit, and Yalik Glaciers: 1460) highlight the widespread 

nature of this activity. 

LIA moraines dating to 1506-1 524 and 1562-1 575 in the Mt. Waddington 

area may correlate to advanced terminal positions at Mt. Baker (early-1 500s to 

AD 1559; Heikkinen, 1984) and Mt. Rainier (AD 151 9, 1528, 1552; Sigafoos and 

Hendricks, 1972) in Washington State, in the Kenai Mountains (AD 1587 to 1650; 

Wiles and Calkin, 1994, 2001; radiocarbon date intercepting the calibration curve 

at AD 1525, 1558, 1631 ; Barclay et a/., 2001), which point to the probability that 

this was a regional event (Table 3.9). 

Table 3.9 presents estimates of end and lateral moraines dated by means 

of dendrochronology and lichenometry, which allows for a direct comparison with 

the dates I obtained from moraines in the Mt. Waddington area. From the 1600s 



until the end of the LIA, the periods of glacial activity recorded in the Mt. 

Waddington area are well replicated at sites along the Pacific Coast of western 

North America. Evidence of comparable events in the British Columbia Coast 

Mountains, in the Cascade Mountains of Washington State, and in southern 

Alaska, suggests that climate-forcing mechanisms in the Pacific Ocean resulted 

in regionally synchronous glacial responses. 

The 20th century behaviour of most glaciers within the Mt. Waddington 

area is characterized by an extended period of general retreat and downwasting. 

An exception to this response occurred between 191 5 and 1928, when a period 

of moraine construction at many sites attests to either a minor readvance or a 

persistent still-stand. Similar findings elsewhere in the Pacific Northwest 

(Heusser, 1957; Viereck, 1960; Heikkinen, 1984; Desloges and Ryder, 1990; 

Wiles and Calkin, 1994; Wiles et a/., 1999; Lewis, 2001) emphasize the regional 

nature of this positive mass balance episode. A second, perhaps short-lived, 

still-stand or minor readvance in the 1940s at Astarte, Siva, and Razor Creek 

glaciers may correspond to observations of advancing ice termini in Washington 

State during the same period (Tangborn, 1980; Burbank, 1982; Harper, 1993). 

3.9 Conclusion 

The findings of my study draw attention to the synchronous behaviour of 

glaciers along the Pacific Coast of North America. Within the Mt. Waddington 

area, moraine-building episodes were described using a combination of 

lichenometric and dendrochronologic techniques. From the fourteen mountain 
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glaciers studied, periods of glacial activity were recorded before 620, and in 925- 

933, 1203-1226, 1260-1275, 1344-1362, 1443-1458, 1506-1524, 1562-1575, 

1597-1 621, 1657-1 660, 1767-1 784, 1821 -1 837, 1871 -1 900, 191 5-1 928, and 

1942-1 946. Although this shared response matches that at glacier sites from 

Alaska to Washington State and hints at the long-term role of regional climate 

forcing on glacier mass balance in the Pacific Northwest, a preliminary analysis 

of the role played by factors such as glacier size and aspect highlights the 

important impact local conditions have on the glaciological responses of 

individual glaciers. 
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Table 3.1. Characteristics of glaciers studied in the Mt. Waddington area. 

Site Code Sub-region Coordinates Aspect Elevation 
-- 

Astarte Glacier* AG Pantheon Range 51 '39'N; 125'1 2'W E 1880 
Byamee Glacier* BG Pantheon Range 51 '38'N; 125'1 1'W NW 1720 

Cathedral Glacier* CG Homathko lcefield 51 '1 4'N; 124'52'W N 1600 
Escape Glacier* EG Pantheon Range 51 '37'N; 125'07'W SE 1760 
Hope Glacier* HG Niut Range 51•‹31'N;124053'W NW 1830 

Liberty Glacier* LG Niut Range 51 '35'N; 124'50'W N 1525 
Nirvana Glacier* NG Pantheon Range 51 '39'N; 125'12'W E 1800 

Oval Glacier OG Waddington Range 51 '29'N; 125'1 5'W NE 1260 
Pagoda Glacier PG Niut Range 51 "30'N; 124'55W NW 1280 

Ragnarok Glacier RG Pantheon Range 51 "36'N; 125'1 8'W NE 1520 
Razor Creek Glacier* RCG Niut Range 51 "34'N; 1 24'46'W N 1650 

Siva Glacier SG Pantheon Range 51 "39'N; 125O10'W NW 1500 
Tiedemann Glacier TG Waddington Range 51 '1 9'N; 124'54'W E 425 

Whitesaddle Glacier* WG Niut Range 51 "36'N; 124"501W E 1525 

* Unofficial name 
1 Lower altitudinal limit of the forefield 



Table 3.2. Lichenometric and tree-ring dates (years AD) obtained on lateral and 
end moraines from 14 glaciers of the Mt. Waddington area. The dates followed 
by an asterisk were considered the most reliable estimates for each moraine. In a 
few cases, moraine dates were not assigned (e.g. disturbance, younger estimate 
than subsequent moraine, small lichen population). The shading highlights the 
minimum date assigned to specific moraine-building events at each site. 

Astarte 
Astarte 
Astarte 
Astarte 
Astarte 
Byamee 
Byamee 
Byamee 
Byamee 

Cathedral 
Cathedral 
Cathedral 
Cathedral 
Cathedral 
Cathedral 
Cathedral 
Cathedral 
Cathedral 
Cathedral 
Escape 
Escape 
Escape 
Escape 
Escape 
Escape 
Escape 
Escape 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 
Hope 

Liberty 
Liberty 
Liberty 
Liberty 
Liberty 
Liberty 
Liberty 
Liberty 
Liberty 
Liberty 
Liberty 

NIA 
NIA 
NIA 

1698 (-44;+35)* NIA 

NIA 
NIA 

1929 (-33;+18) 
NIA 
NIA 

1932 (-1 3;+18)* NIA 
1960 (-8;+14) NIA 

1428 (-33;+70)* NIA 
1562 (-39;+56)" 191 1 (-33;+18) 
1927 (-15;+19) ID24 (-33;+18)* 
1962 (-10;+12) NIA 

NIA 1753 (-33;+18) 
NIA NIA 

1305* NIA 
NIA 
NIA 
N/A 
NIA 
NIA 

I635 (-33;+18) 
I873 (-33;+18) 

1904 (-20;+25) I898 (-?&+I 8)* 
1948 (-1 1 ;+l3) 1925 (-33;+18)* 

NIA NIA 
NIA NIA 

1396 (-32;+73)* NIA 
1691 (-43;+43)* 1812 (-33;+18) 
1930 (-14;+19) 1912 (-33;+18)* 
1957 (-%+I 0) 1929 (-33;+18)* 

1638 (-41 ;+48)* NIA 
1782 (-47;+33) NIA 
1771 (-46;+34)* NIA 
1904 (-20;+25)* NIA 
1900 (-20;+27)* NIA 

1965 (-7;+9) NIA 
NIA 

1742 (-33;+18) 
1812 (-33;+18) 
I948 (-33;+18) 
1941 (-33;+18) 

Razor Cr. A2 1952 (-10;+12) NIA 
Razor Cr. 
Razor Cr. 
Razor Cr. 
Razor Cr. 
Razor Cr. 
Razor Cr. 
Razor Cr. 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 
Ragnarok 

Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 
Siva 

Tiedemann 
Tiedemann 

NIA NIA 
1702 (-44;+42)* NIA 
1951 (-1 0;+13) NIA 
1562 (-39;+56)* NIA 
1952 (-&+I 1) NIA 

NIA 
NIA 

1396 (-32;+73)* 
1829 (-43;+28)" 
1869 (-33;+27) NIA 
1923 (-1 6;+20) NIA 
1400 (-33;+72)* NIA 
1340 (-31;+81) NIA 

* 1907 (-33;+18) 
NIA 

1851 (-33;+18) 
1880 (-33;+18) 

NIA 
NIA 

1937 (-1 3;+1 6) NIA 
NIA NIA 
NIA NIA 

1818 (-49;+29)* NIA 
1793 (-47;+32) 
1787 (-46;+33) 
1529 (-37;+59) NIA 
1391 (-32;+74)* I756 (-33;+18) 
1810 (-48;+31)* NIA 

NIA 1741 (-33;+18) 
1448 (-34;+68)* I756 (-33;+18) 
1630 (-42;+48)* I796 (-33;+18) 
1692 (-43;+43)* 1933 (-33;+18) 
1881 (-28;+26)* NIA 

NIA NIA 

1814 (-48;+30)* 1926 (-33;+18) 
I893 (-23;+26)* 1931 (-33;+18) 

NIA 161 9 (-33;+18) 
1600 (-10;+52)* NIA 
1617 (-41 ;+49) NIA 
1830 (-48;+29) NIA 
1782 (-47;+33)* NIA 
1841 (-40;+28)* NIA 
1921 (-16;+20)* NIA 

NIA 
NIA 

1677 (-42;+44)* NIA 
1578 (-39;+55)* NIA 

NIA 1906 a* 

1176* 1742 (-33;+18) 
1392 (-32;+73)* 1830 (-33;+18) 



Nirvana 
Nirvana 

Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 
Oval 

Pagoda 
Pagoda 
Pagoda 
Pagoda 

Razor Cr 

Site' LocationL Lichen Date Tree-Ring Date 
Liberty 1741 (-46:+37)* NIA 

NIA 
NIA 
NIA 

1843 (-40;+27)* NIA 
1205* 1760 (-33;+18) 

NIA 
NIA 

1801 (-33;+18) 
NIA 
NIA 
NIA 
NIA 

NIA NIA 
1286 1931 (-33;+18) 
1219* NIA 

1501 (-36;+62)* NIA 
1770 (-46;+34) 1739 (-33;+18)* 
1868 (-33;+27)* 1944 (-33;+18) 

NIA 
1890 (-33;+18) 
1914 (-33;+18) 

NIA 
1899 (-33;+18) 
1952 (-33;+18)* 

1933 (-13;+17)* NIA 
NIA 
NIA 

1907 (-33;+18) 
NIA 
NIA 

1958 (-8;+11) NIA 
1621 (-41;+49)* NIA 

Tiedemann A3 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Tiedemann 
Whitesaddle 
Whitesaddle 
Whitesaddle 
Whitesaddle 
Whitesaddle 
Whitesaddle 
Whitesaddle 

1372 631 :+75)* NIA 
1 51 1 i-37;+61 ĵ  NIA 

Whitesaddle C3 1554 NIA 

Sites: AG: Astarte Glacier; BG: Byamee Glacier; CG: Cathedral Glacier; EG: Escape Glacier; HG: Hope Glacier; LG: 
Liberty Glacier; NG: Nirvana Glacier; OG: Oval Glacier; PG: Pagoda Glacier; RCG: Razor Creek Glacier; RG: Ragnarok 
Glacier; SG: Siva Glacier; TG: Tiedemann Glacier; WG: Whitesaddle Glacier 
' > moraine: location distal to the outermost moraine 
a Kill date 
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Table 3.4. Seedlings sampled at ground level to build an estimate of yearly 
growth, used to correct tree-ring dates to compensate for height of coring. An 
average of 5 cmlyr was used to correct dates obtained on whitebark pine, 
whereas 1.67 cmlyr was applied to subalpine fir samples. 

Sample site' speciesZ Location Ring count Height (cm) Growth (cmlyr) 
01 6801 PG 5.00 

PG 
PG 
PG 
PG 
PG 
PG 
LG 
LG 
LG 
LG 
LG 
LG 
LG 
LG 

RCG 
RCG 
EG 
BG 
BG 
BG 
BG 
BG 
BG 
RG 
RG 
RG 
RG 
CG 
CG 
CG 
CG 
CG 
CG 
CG 
CG 
CG 
CG 
CG 
CG 
CG 

moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
moraine 
valley 
valley 

moraine 
moraine 
moraine 
moraine 
valley 
valley 
valley 
valley 
valley 
valley 
valley 
valley 

moraine 

1 Sites: PG: Pagoda Glacier, LG: Liberty Glacier, RCG: Razor Creek Glacier, EG: Escape Glacier, 
BG: Byamee Glacier, RG: Ragnarok Glacier. 
2 Species: es: Engelmann spruce; sf: subalpine fir; wbp: whitebark pine 



Table 3.5. Radiocarbon dates obtained on fossil wood extracted from debris 
spilled distally during construction of the most distal lateral moraine at 
Whitesaddle Glacier (Fig. 3.8). 

Location Sample Radiocarbon age Calibrated date Description 
d Beta-1 66885 760k50 BP AD1270 Insitustump 
e Beta-1 651 15 540k60 BP AD 141 0 In situ stump 



Table 3.6. Dated glacial events in the Mt. Waddington area. The dates are given 
in years AD, with question marks indicating moraine-building episodes with 
questionable assigned dates. 

Glacial periods Dates* 
620 620 (TG) 

925 (TG), 933 (LG) 
1031 (OG) 
1118 (TG) 
1 I46 (EG) 
1203 (CG), 1203 (PG), I226 (SG) 
1260 (WG), 1275 (HG) 
1344 (RG), 1359 (SG), I362 (CG) 
1392 (TG), 1405 (BG) 
1443 (OG), 1450 (NG), 1458 (CG) 
1 506 (LG), 151 1 (WG), 1524 (SG) 
1562 (RCG), 1562 (EG), 1575 (TG) 
1597 (AG), 1601 (OG), 1614 (HG), 161 6 (RG), 1621 (TG) 
I657 (SG), I660 (PG), I660 (CG) 
1702 (RCG) 
1741 (LG) 
1767 (AG), 1782 (SG), 1784 (RG) 
I806 (CG) 
1821 (WG), 1830 (OG), I837 (BG) 
1871 (RG), 1871 (HG), 1881 (SG), I895 (AG), 1900 (LG) 
191 5 (HG), 1921 (SG), 1924 (EG), I928 (OG) 
1942 (AG), 1942 (SG), I946 (RCG) 

*Dates of events are followed by the site where glacial activity was recorded. 
Sites: AG: Astarte Glacier; BG: Byamee Glacier; CG: Cathedral Glacier; EG: Escape Glacier; HG: 
Hope Glacier; LG: Liberty Glacier; NG: Nirvana Glacier; OG: Oval Glacier; PG: Pagoda Glacier; 
RCG: Razor Creek Glacier; RG: Ragnarok Glacier; SG: Siva Glacier; TG: Tiedemann Glacier; 
WG: Whitesaddle Glacier 



Table 3.7. Relative response time estimated from glaciers of different mountain 
ranges of the Mt. Waddington area. The number of earliest and latest regional 
responses to glacial events recognized in the area (Table 3.6) are presented. 
The total number of moraine-building episodes recorded for the specific sub- 
region is represented by N. 

Pantheon Range 8 (40%) 3 (1 5%) 20 
Niut Range 6 (43%) 5 (36%) 14 

1 Pantheon Range: Astarte, Byamee, Escape, Nirvana, Ragnarok, and Siva Glaciers; Niut Range: 
Hope, Liberty, Pagoda, Razor Creek, and Whitesaddle Glaciers; Waddington Range: Oval and 
Tiedemann Glaciers, Homathko Icefield: Cathedral Glacier 



Table 3.8. Relative response time estimated from glaciers of different sizes and 
aspects in the Mt. Waddington area. The number of earliest and latest regional 
responses to glacial events recognized in the area (Table 3.6) are presented. 
The total number of moraine-building episodes recorded for the specific glacier 
type is represented by N. 

Glacier type1 Earliest response Latest response N 
Small 2 (29%) 3 (43%) 7 
Medium - NW 5 (33%) 5 (33%) 15 
Medium - N 2 (40%) 3 (60%) 5 
Medium - NE 3 (38%) 2 (25%) 8 
Medium - E 5 (71%) 0 (0%) 7 

1 Small: Cathedral, Escape, and Nirvana Glaciers; Medium - NW: Byamee, Hope, Pagoda, and 
Siva Glaciers, Medium - N: Liberty and Razor Creek Glaciers; Medium - NE: Oval and Ragnarok 
Glaciers; Medium - E: Astarte and Whitesaddle Glaciers; Large: Tiedemann Glacier. 



Table 3.9. LIA moraines dated using dendrochronological and lichenometric 
techniques along the Pacific Coast of North America during the glacial episodes 
estimated in the Mt. Waddington area. Minimum dates (in years AD) for glacial 
retreat in normal font are derived using tree-rings, in bold from lichen dating, and 
in italics from both techniques. Asterisks correspond to multiple sites sharing the 

Glacial episode 
~*~- "~ -~"AwA.~< '~ ,~~-  -7 

1260-1 275 
South Coast Mtns (BQ 

-"s+-av----Mw---*v 
Cascades, WA 

4"-%"&*" >- --%- *%P , Southern Alaska - mw 

1 284'7v"---"---* 

1 Desloges and Ryder (1990); Smith and Desloges (2000); Smith and Laroque (1996); Ricker 
and Tupper (1979); Lewis (2001); Porter (1981); Burke (1972) and Easterbrook and Burke 
(1 972) (referenced by Heikkinen, 1984); Easterbrook and Burke (1971) and Fuller (1 980) 
(referenced by Heikkinen, 1984); Easterbrook and Burke (1971) (referenced by Heikkinen, 
1984); '' Fuller (1980) (referenced by Heikkinen, 1984); " Heikkinen (19848; l2 Burbank (1981); l3 
Sigafoos and Hendricks (1 972); l4 Heusser (1 957); l5 Calkin et a/. (1 998); ' Wiles and Calkin 
(1994); l7 Calkin et a/. (2001); '' Reid (1970) (referenced by Calkin et a/., 2001]; lg Barclay et a/. 
(2001); 20 Viereck (1967); 21 Denton and Karlen (1 977); 22 Wiles eta/. (2002); Wiles et a/. 
(1 999). 



Figure 3.1. Location of study sites in the Mt. Waddington area, southern Coast 
Mountains of British Columbia. 



Figure 3.2. Calibrated Rhizocarpon spp. growth curve developed for the Mt. 
Waddington area (see Chapter 2 for more details). 



Figure 3.3. Location map of Astarte, Byamee, Nirvana, and Siva glaciers, 
Pantheon Range. Straight lines and dots associated with lower case letters 
indicate the location of transects and sampling sites. Historical ice front positions 
since 1954 based on air photographs are also displayed when available. 



Siva Glacier 

Figure 3.4. Details of transects 
surveyed at Astarte, Byamee, 
and Siva glaciers (see Fig. 3.3 
for location). Moraine crests are 
numbered according to their 
position along the transects 
(moraine 1 being the outermost), 
with moraine numbers from 
different transects not 
necessarily being synchronous. 
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Figure 3.5. Graphs showing the time distribution of dated end and lateral 
moraines for each glacier studied (see Table 3.2 for more details). The boxes 
represent groups of moraines built during the same glacial episode and are 
associated with a minimum date (in years AD) for ice recession. Some dates 
remain uncertain and are designated with a question mark. Error intervals for 
each point are included, except where the lichen date was extrapolated. Moraine 
numbers are indicated on the x-axis. 
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Figure 3.6. Location map of 
Ragnarok Glacier and details of 
transects surveyed from lateral 
and end moraines. Note: In this 
and subsequent figures straight 
lines and dots associated with 
lower case letters indicate the 
location of transects and 
sampling sites. Historic ice front 
positions since 1954 based on 
air photographs. Moraine crests 
are numbered according to their 
position along the transects 
(moraine 1 being the outermost), 
with moraine numbers from 
different transects not 
necessarily being synchronous. 
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Figure 3.7. Location map of 
Escape Glacier and details of 
transects surveyed from end 
moraines. 
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Figure 3.8. Location map of 
Liberty and Whitesaddle 
glaciers and details of 
transects surveyed from 
lateral and end moraines. 



Figure 3.9. Location map of Razor Creek Glacier and details of transects 
surveyed from lateral and end moraines. 
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Figure 3.1 0. Location map of Hope and Pagoda glaciers and details of transects 
surveyed from lateral and end moraines at Hope Glacier. Moraine sequences at 
Pagoda Glacier were not surveyed. 
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Figure 3.1 1. Location map of 
Cathedral Glacier and details of 
transects surveyed from lateral 
and end moraines. 
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Figure 3.12. Location map of Tiedemann Glacier and details of transects 
surveyed from lateral and end moraines. 



Figure 3.13. Location map of Oval (Parallel) Glacier and details of transects 
surveyed from lateral and end moraines. Transect I was not surveyed. 



Years AD 

Figure 3.14. Frequency distribution of minimum dates for periods of glacial 
advance on each site in the Mt. Waddington area. Bars with lighter shading 
correspond to uncertain dating. Classes are every 10 years. Earliest evidence of 
glacial activity was recognized in the 7th century at Tiedemann Glacier. Most of 
the LIA evidence records events in the 1200s to 1900s, with successive glacial 
advances occurring on average every 64 years. 
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4.0 A dendroclimatological reconstruction of climate since AD 1700 in the 

Mt. Waddington area, British Columbia Coast Mountains, Canada 

4.1 Abstract 

The radial growth characteristics of five high-elevation coniferous tree 

species were established from treeline sites located within the southern British 

Columbia Coast Mountains, Canada. The sites are located on valley slopes 

ranging from 760 to 1860 m as1 and were purposely located close to the terminus 

of contemporary glaciers, predominantly occupying sites with southern and 

western aspects. Increment core samples were collected from Pinus albicaulis 

Engelmann (whitebark pine), Abies lasiocarpa [Hooker] Nuttall (subalpine fir), 

Tsuga mertensiana (Bongard) Carriere (mountain hemlock), Pseudotsuga 

menziesii (Mirbel) Franco (Douglas-fir), and Chamaecyparis nootkatensis (D. 

Don in Lambert) Spach (yellow-cedar). After a common radial growth response 

was detected within and between each species, species-specific master tree-ring 

chronologies were constructed to express the regional signal. Correlation 

analyses indicate that radial growth in this setting is negatively impacted by 

summer air temperature of the previous growth year, positively influenced by 

November air temperature of the previous growth year and air temperature of the 

current growing season (mostly July), and negatively related to snowpack depth 

on April 1. The relationships were validated and models of temperature (January, 

July, summer) and snowpack (April I )  were developed back to the 17th century, 

with explained variance ranging from 10% to 31 %. Common modes of variability 
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found occurring between two and eight years, at ca. 20-23 years, and ca. 120 

years are believed associated with North Pacific Ocean-atmospheric circulation 

systems (ENSO, PDO) and with perturbations in solar activity. 

4.2 Introduction 

Complex atmosphere - ocean forcing processes in the North Pacific 

Ocean and indeterminate feedback mechanisms have a marked influence on 

natural systems in Coastal Pacific North America (Cayan and Peterson, 1989). 

Over the past century abrupt temporal shifts in the position of the Aleutian Low 

and the varied influence of the El NiAo Southern Oscillation on Pacific North 

America (e.g., Mantua et a/., 1997; Gedalof and Smith, 2001 b) had discernible 

impacts on streamflow (Moore and Demuth, 2001), glacier mass balance 

(Kovanen, 2003), and radial tree growth (Gedalof and Smith, 2001 b; Peterson et 

a/., 2002). 

High-resolution archives of past climate fluctuations are required to detect 

and assess the long-term impact and significance of the climate-induced 

changes. In coastal British Columbia, the climate sensitivity of several long-lived 

tree species offers an opportunity to develop overlapping records of 

environmental change that potentially span the last millennium. Although 

previous dendroclimatological research in the surrounding region provides proxy 

records of changing environmental conditions in Washington and Oregon 

(Peterson and Peterson, 1994; Ettl and Peterson, 1995; Peterson et a/., 2002) 

and on Vancouver Island (Smith and Laroque, 1996; Laroque and Smith, 1999; 
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Zhang et a/. 1999; Laroque, 2002), there are few existent high-resolution tree- 

ring based reconstructions of changing environmental conditions in the southern 

British Columbia Coast Mountains (Desloges, 1987; Schweingruber, 1988; Briffa 

et a/., 1992). The purpose of this paper is to present the findings of my 

dendroclimatological investigations in the Mt. Waddington area of southwestern 

British Columbia, Canada. Ring-width chronologies of five conifer species are 

used to develop proxy air temperature and snowpack records that span the last 

three centuries. 

4.3 Materials and Methods 

4.3.1 Study sites 

Study sites are widely dispersed through the Homathko, Niut, Pantheon 

and Waddington Ranges (Fig. 4.1). Some of the highest peaks in British 

Columbia are found in this area, with Mt. Waddington reaching an elevation of 

4019 m asl. Climate within the Mt. Waddington area is characterized by a 

transition from maritime conditions present on the southwestern side, with 

precipitation reaching as much as 1677 mmlyear at low elevation (normals 1961 - 

1990; Bella Coola, 52'22'N-126'41 'W, 18 m asl), to a drier and more continental 

regime observed in Niut and Pantheon ranges. At approximately 1000 m in 

elevation, annual mean air temperatures in the northeastern region range from 

2.2'C (normals 1961-1990; Big Creek; 51 '43'N-123"02'W, 11 28 m asl) to 4.1 'C 

(normals 1961-1 990; Williams Lake; 52'1 I'N-122'03'W, 940 m asl) and annual 
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mean precipitation totals range from 400 to 450 mm/year (Meteorological Service 

of Canada, 2002). 

The forest cover of the Mt. Waddington area is dominated by subalpine 

fir (Abies lasiocarpa [Hooker] Nuttall) trees at higher elevations, except within the 

Niut and Pantheon Ranges where whitebark pine (Pinus albicaulis Engelmann) 

trees favour disturbed and rocky sites (Meidinger and Pojar, 1991). In the 

Homathko and Waddington Ranges, homogenous stands of mountain hemlock 

(Tsuga mertensiana (Bongard) Carriere) characterize most slopes, with Douglas- 

fir (Pseudotsuga menziesii (Mirbel) Franco) restricted to a few scattered south- 

facing sites. Higher elevation sites are characterized by mixed stands of 

subalpine fir, mountain hemlock, whitebark pine, and yellow-cedar 

(Chamaecyparis nootkatensis (D. Don in Lambert) Spach) (Pojar and 

MacKinnon, 1994). Subalpine fir trees dominate at treeline sites throughout the 

region, except locally where harsh conditions favour the growth of whitebark 

pine. 

4.3.2 Field collections 

Increment core samples were collected in the summers of 2000 and 2001 

from living trees at 15 sites (Fig. 4.1). Two increment cores extracted at breast 

height (290") were collected from at least twenty trees per site. All the sites are 

located on valley slopes close to the terminus of contemporary glaciers, 

predominantly occupying sites with southern and western aspects that range 

from 760 to 1860 m as1 (Table 4.1). Most cores came from trees found growing at 
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the local altitudinal limit of the forest cover, as previous research has shown high- 

elevation trees in this region are particularly sensitive to climatic fluctuations (Ettl 

and Peterson, 1995; Laroque, 2002). One low-elevation Douglas-fir stand 

(00A300) was sampled on a south-facing slope above Tiedemann Glacier along 

the eastern flank of Waddington Range. 

4.3.3 Laboratory analysis 

Samples were returned to the University of Victoria Tree-Ring Laboratory 

(UVTRL) where they were air dried, glued to slotted wood mounting boards, and 

sanded with progressively finer sand paper to enhance the boundaries between 

the annual rings. A WinDENDROTM (Version 6.1 b) digital tree-ring image 

processing and measuring system (Guay et a/., 1992) and a Velmex-type stage 

were used to measure the annual ring increments to the nearest 0.01 mm. 

The tree-ring measurements were visually crossdated using narrow 

marker years and were quality checked using the International Tree-Ring Data 

Bank Library (ITRDBL) software program COFECHA (Holmes, 1999). Verification 

was based on 50-year dated segments with 25-year lags, significant at a 99% 

critical level of correlation of 0.320 (Fritts, 1976). Low-frequency variance was 

removed by filtering with a cubic smoothing spline having a 50% cutoff of 32 

years. An autoregressive model was fit to the data to remove any persistence 

within the smoothed series and a log-transformation of the detrended series was 

performed in order to produce more equal ring measurements. Segments that 

were not significantly correlated were re-measured, corrected and/or deleted to 
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account for radial growth anomalies arising from the inclusion of missing or false 

rings or operator error. 

Standardised chronologies were constructed with program ARSTAN 

(version 6.04P1 2000) and incorporated a double-trending approach. First, a 

negative exponential curve, a linear regression, or a horizontal line passing 

through the mean was used to remove any age-growth trends (Fritts, 1976). 

Following this, the series were detrended a second time to reduce the impact of 

abiotic factors on radial growth (e.g., competition and defoliation) with a 

smoothing spline having a 67% frequency-response cutoff. In order to limit the 

effect of past radial growth on the current year's growth, I employed an 

autoregressive modeling of order determined by the Akaike Information Criterion 

(AIC) value and limited any further analysis to the residuals to limit any non- 

climatic influence on tree-growth. 

4.3.4 Climate reconstruction 

To examine the contribution of climatic parameters to tree-ring width 

variance, correlation analyses were undertaken between annual radial growth 

and historical climate data. Climate data from climate stations at Big Creek (Lat. 

51 "43' N, Long 123'02' W; 1 128 m asl; 1904-1 984 [ I  904-1 977 for precipitation 

data]) and Tatlayoko Lake (Lat 51•‹40' N, Long. 124'24' W; 940 m asl; 1930- 

1997) were obtained from the Environment Canada Homogenized Canadian 

Climate Dataset. These stations are positioned along the eastern flanks of the 

Coast Mountains and were considered more representative than climate records 
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from the longer but more maritime Bella Coola and more continental Williams 

Lake stations. A simple averaging function was computed to establish regional 

monthly temperature and precipitation data, thereby reducing the influence of 

local and extreme climate anomalies in the station climate records. Historical 

snow survey data for Big Creek (1 970-2000) and Tatlayoko Lake (April 1, 1952- 

1998) were obtained at the British Columbia Ministry of Sustainable Resource 

Management website. 

Program PRECON (version 5.17B' 1999) was used to determine the 

amount of variance explained by a set of monthly climate variables. The program 

creates a response function based on a stepwise regression of principal 

components of monthly precipitation and temperature data. Standardised tree- 

ring indices were compared to monthly climate data (precipitation, temperature, 

snowpack) to calculate Pearson's coefficients of correlation. Partial correlation 

analysis were also undertaken to reject any spurious relationships. The 

computation of Pearson's correlations were favoured in the determination of 

significant climate variables associated to tree growth over the response function 

approach developed in PRECON. It is more easily replicated and shows more 

stability, as it is not influenced by the number of variables and the period length. 

The significant variables (p10.05) were then combined with the ring-width indices 

to reconstruct a time series predicting past climate. Linear regression was used 

to establish the relationships between the predictant (climate) and predictor (tree- 

ring width index) on the last half of the historical climate series. The proxy climate 

records were verified (program VERIFY) by using the second half of the climate 



data for model calibration and the first half (independent dataset) as verification 

of the predicted values. Standard statistical tests were computed to assess the 

goodness-of-fit of the regression and the prediction efficiency of the model. 

Because the number of series within my chronologies diminishes with time, the 

tree-ring index chronologies and climate models present increased variability in 

the early portion of the data. The subsample signal strength (SSS) values 

(program ARSTAN) provide a statistical tool useful for determining the size of a 

sample needed to capture the theoretical population signal of tree-ring variation. 

SSS values above 0.80-0.85 were used to identify a cutoff year in the 

chronologies, above which there was sufficient sample robustness to reconstruct 

a reliable time series (Wigley et a/., 1984). 

A wavelet analysis was completed to determine the dominant modes of 

variability in time within the climate reconstructions (Torrence and Compo, 1998; 

Laroque, 2002; Gray et a/., 2003). The analyses were undertaken at the 

interactive website developed by Torrence and Compo (1 998). A Morlet wavelet 

function with a significance level of 5% was applied using a red-noise process of 

lag-I autoregression, as this orthogonal approach allows for increased precision 

on the periodic scale (Torrence and Compo, 1998). To overcome any time- 

related errors at the beginning and the end of the series, the extremities were 

padded with zeros to limit the edge effects. 
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4.4 Dendrochronological characteristics 

A total of 537 radial series from 316 trees (144 subalpine fir, 85 whitebark 

pine, 39 mountain hemlock, 28 Douglas-fir, 20 yellow-cedar) were used in the 

analyses (Table 4.1). The chronology crossdating, correlation and autocorrelation 

values are comparable to those from other high-elevation sites in coastal British 

Columbia (Laroque, 2002). Series correlation values range from 0.495 (whitebark 

pine) to 0.639 (mountain hemlock) and mean sensitivity values vary from 0.293 

(mountain hemlock) to 0.184 (whitebark pine). High first-order autocorrelation 

coefficients indicate that the low sensitivity values are attributable to lag effects 

that, in the case of whitebark pine, persist for as long as five years (e.g., Hansen- 

Bristow et a/., 1990). 

Most of the 15 site chronologies are limited to the interval from ca. 1650- 

1700 AD to present, with the longest chronology coming from a stand of 

whitebark pine at Siva Glacier (AD 1189-2000, 812 years). Whitebark pine 

chronologies collectively record a significant reduction in ring-width growth from 

1694 to 1700 that corresponds to the formation of narrow rings in 1695 in 

Douglas-fir; 1699 and 1701 in whitebark pine; 1697, 1703, and 1706 in mountain 

hemlock; 1696, 1697, and 1699 in yellow-cedar; and 1701 in subalpine fir. This 

period was followed by an interval of above-average growth until 1740, when 

radial growth was again suppressed before a decade of enhanced growth from 

1775 to 1785. Several decades of fluctuating periods of reduced and enhanced 

radial growth were followed by an extended episode of suppressed growth from 

1810 to 1905. Over the last century radial growth increments remained below the 
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long-term average until the 1940s, when above average rates of growth were 

recorded. A decade or so of enhanced growth was followed by reduced growth 

until 1994. 

A principal component analysis (PCA) of the local chronologies shows that 

48.2% of the variance in tree-ring width is represented by subalpine fir and 

Douglas-fir trees. Mountain hemlock and yellow-cedar trees contribute in the PC2 

loadings, explaining 13.7% of the total variance. Finally, 7.8% of the variance is 

contained in the PC3, which corresponds to the whitebark pine domain. 

Pearson's correlation coefficients also indicate that there is significant inter- 

species correspondence between the radial growth trends of mountain hemlock 

and subalpine fir (0.471) (Table 4.3). In contrast, the radial growth of the one 

Douglas-fir chronology included within the study shows lower correlation 

coefficients (0.1 50 to 0.189) with the other species. This behaviour may be 

related to a greater tree-ring width variance induced by the smaller number of 

cores included. 

4.5 Dendroclimatological relationships 

The climate-radial growth response of the five tree species was examined 

with respect to monthly temperature and precipitation data. Although the varied 

impact and potential response to minimum, maximum, and mean air 

temperatures were considered, no significant growth response differences were 

detected and my observations focus solely on the relationships established with 

mean monthly air temperatures (Appendix 16). 
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Forty-two to 59% of the annual variation in Douglas-fir radial growth (one 

site only) is explained by climate in this setting (Table 4.4). Douglas-fir growth is 

significantly correlated to July and November air temperature of the previous 

year growth, and late-winterlearly-spring air temperatures of the current year 

growth (Fig. 4.3). High temperatures in the previous July potentially cause either 

increased evapotranspiration and water loss which leads to reduction in nutrient 

storage and a decrease in foliage efficiency in the following year, or they hasten 

cone initiation and production which redirects resources away from cambium 

development (Klinka and Splechtna, 1998; Zhang et a/., 1999). Although the 

positive relationship between November air temperature and radial growth may 

reflect an extended opportunity for bud development and nutrient storage in the 

previous year (Fritts, 1976; Zhang e f  a/., 1999), warm air temperatures in late 

Februarylearly-March may significantly extend the local growing season on this 

south-facing slope. The temperature relationships are distinct from the 

precipitation-related limitations to Douglas-fir growth previously reported for high- 

elevation coastal sites in British Columbia (Laroque, 2002; Luckman et a/., 2002). 

Climate explains between 39 and 51 % of the variance in whitebark pine 

radial growth (four sites aggregated) in the Mt. Waddington area (Table 4.4). 

Above average summer air temperature is shown to enhance radial growth (Fig. 

4.3). Similar findings in Idaho (Perkins and Swetnam, 1996) and eastern British 

Columbia (Youngblut, 2003) point to the role that warm air temperatures may 

play in accelerating needle maturation and enhanced photosynthesis (Schmidt 

and Lotan, 1980). The positive relationship between previous November air 
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temperatures and whitebark pine radial growth is possibly related to an increased 

opportunity for nutrient storage. Despite the significance of the climate-radial 

growth relationships shown in Figure 4.3, the dendroclimatological potential of 

whitebark pine remains problematic due to its susceptibility to disease and insect 

infestation (McCaughey and Schmidt, 1990; Peterson et a/., 1990; Goheen et a/., 

2002), and the lack of high-frequency variability in its radial growth (Perkins and 

Swetnam, 1996; Youngblut, 2003). 

Similar to the findings of previous researchers in Pacific North America 

(Graumlich and Brubaker, 1986; Peterson and Peterson, 2001 ; Gedalof and 

Smith, 2001a; Laroque, 2002), 1 show that between 46 to 61% of ring-width 

variance of mountain hemlock can be explained by climate (Table 4.4). Radial 

growth is significantly correlated with previous July, January and current July air 

temperatures (Fig. 4.3). Woodward et a/. (1 994) and Peterson and Peterson 

(2001) have shown that July air temperatures have a direct impact on cone 

production, water availability and, ultimately, radial growth. Warmer than normal 

air temperatures in January enhance the survivability of vegetative buds through 

the winter, leading to an increase in a tree's photosynthetic potential. The radial 

growth of mountain hemlock trees was also shown to be negatively correlated 

(0.451) with the April 1 snowpack depth in the Mt. Waddington area. Deep spring 

snowpacks negatively influence radial growth by diminishing the overall seasonal 

cambial activity (Gedalof and Smith, 2001a; Peterson and Peterson, 2001 ; 

Laroque, 2002). 
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The relationship of yellow-cedar radial growth to climate was investigated 

at a single site where 41 to 57% of the variance was explained (Table 4.4). A 

significant relationship to air temperatures in the previous August and September 

highlights the impact of extreme late-summer air temperatures (Fig. 4.3). 

Although air temperatures in July positively influence radial growth, they can be 

offset by deep April 1 snowpacks that reduce the duration of the growing season 

(Laroque and Smith, 1999; Laroque et a/., 2001). 

Response function analysis revealed that climate relationships explain 51 

to 73% of the radial growth variation found within subalpine fir trees in the Mt. 

Waddington area (Table 4.4). A significant negative relationship with air 

temperature in the previous summer has been reported to correspond to greater 

foliage mass and enhanced cambial development (Ettl and Peterson, 1995). The 

positive relationship to warmer fall air temperatures may signal the impact of an 

extended period of nutrient storage, leading to enhanced radial growth in the 

following growing season (Peterson and Peterson, 1994; Ettl and Peterson, 

1995). Similar to mountain hemlock and yellow-cedar, the radial growth of 

subalpine fir is negatively correlated to April 1 snowpack depth (r = -0.436). The 

response to July air temperature is the most pervasive (Villalba etal., 1994; 

Parish et a/., 1999; Splechtna et a/., 2000; Luckman etal., 2002). The role above 

average air temperature in July will play is negatively influenced by cone 

production or reduced water availability in the previous year (Woodward et a/., 

1994; Ettl and Peterson, 1995; Parish et a/., 1999), whereas the role that higher 

than normal air temperatures play in enhancing radial growth during the current 
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growth year is well documented and, at least in part, relates to the impact these 

conditions have on melting lingering snowpacks and lengthening the growing 

season (Peterson and Peterson, 1994; Ettl and Peterson, 1995). 

4.6 Dendroclimatic reconstruction 

The radial growth response of the five master tree-ring chronologies to 

variations in air temperature, precipitation and snowpack depth provided a 

rationale for using the relationships to develop proxy-climate records. I have 

carefully examined the correlations and identified six statistically significant 

relationships between: mountain hemlock and January mean temperature 

(r=0.322); subalpine fir and April 1 snowpack depth (~0.457);  subalpine fir and 

previous July mean temperature (r=0.546); mountain hemlock and July mean 

temperature (r=0.365); subalpine fir and July mean temperature (r=0.556); and, 

mountain hemlock and summer (JJA) mean temperature (r=0.346). Explaining 

between 10 to 31 % of the measured variations in radial growth, the related 

calibration and verification statistics are detailed in Table 4.5. The temperature 

and snowpack models derived from these relationships are presented in Figure 

4.4, with the proxy July mean temperature record having been calculated from an 

average of those independently developed for subalpine fir and mountain 

hemlock. 

Dendroclimatological studies in coastal Alaska (Wiles et a/. , I 996), British 

Columbia (Laroque, 2002), and Washington State (Graumlich and Brubaker, 

1986) developed summer and annual temperature models with explained 
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variance ranging from 24 to 47%, which is slightly higher than the values 

obtained for the Mt. Waddington area (Table 4.5). Nonetheless, the models from 

this region are uniformly significant, both in the calibration and verification 

datasets, and share similar trends (Fig. 4.4). The unexplained variance is partly 

related to the integration of a single climate variable in the models, the nature of 

climate data, and the unknown influence of non-climatic factors on tree growth 

(e.g., nutrient availability, insects infestations, forest stand dynamic). The values 

of variance explained by PRECON, which range from 41 to 71 % (Table 4.4.), 

suggest that the integration of multiple climatic parameters would likely increase 

model predictive power. 

Mountain hemlock chronologies produce models supported by lower 

coefficients of correlation (r=0.322 to 0.365) and determination (&0.102 to 

0.133) compared to subalpine fir (Table 4.5). The January temperature 

reconstruction presents the lowest explanation of variance (1 0%), which is likely 

related to the indirect and subtle effect of winter precipitation on mountain 

hemlock growth (Gedalof and Smith, 2001 ; Laroque, 2002). Whereas mountain 

hemlock shows a consistent response to climate along the Pacific Coast of North 

America (Gedalof and Smith, 2001) and represents an excellent species for 

climate modeling (Peterson and Peterson, 2001 ; Laroque, 2002), the low 

explained variance of the models developed in the Mt. Waddington area indicate 

that potential problems with the chronologies exist. The species is located at the 

boundary of its ecological range, which limited the sampling to two sites, possibly 

leading to higher inter-annual tree-ring width variability related to local factors. 



133 

The proxy records provide complimentary high-resolution perspectives on 

changing climates for the last three centuries. Exponentially smoothed time 

series show that periods of cooler-than-average air temperatures (July and 

January) have occurred in ca. 1696-1708 (notable), 1716-1 727,1731-1 736, 

1742-1 765 (notable), 1787-1 792, I81 1-1 823, 1848-1 851, 1867-1 904 (notable), 

1914-1 926, 1934-1 938, and 1973-1 994 (Fig. 4.4). Reconstructed April 1 

snowpack records suggest that above-average snow depths distinguished the 

winters of 1 701 -1 727 (notable), 1 742-1 792, 1 81 3-1 839, 1848-1 902 (notable), 

and 1954-1994 (notable). Collectively, these proxy indices suggest that the Mt. 

Waddington area was characterized by cool-wet conditions in ca. 1701 -1 708, 

171 6-1 727, 1735, 1742-1 765, 1787-1 792, 181 3-1 823, 1848-1 851, 1867-1 902, 

1926, and 1973-1 994, with the most notable episodes early-1 700s and mid to 

late-I 800s. 

4.7 Cyclic nature of tree growth and proxy climate records 

Wavelet analyses provide insights into recurrent variability within a time 

series that has changed in strength and frequency (Gedalof and Smith, 2001 b; 

Rigozo et a/., 2001). A visual examination of the 800 year-long whitebark pine 

index chronology suggests that it retains cyclic growth fluctuations (Fig. 4.2). A 

wavelet analysis confirmed this, highlighting a dominant mode of variability at 

about 120 years and minor components of variability of less than eight years and 

between 19 and 38 years (Fig. 4.5). To gain some appreciation for the 

mechanisms affecting radial growth in the Mt. Waddington area and the resultant 
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climates, wavelet analyses were performed on my derived records of air 

temperature and snowpack depth (Fig. 4.2). All the reconstructions share similar 

modes of variability, in part due to the use of the same tree species in modeling: 

high frequency at less than eight years, decadal frequency at ca. 23-25 years, 

and a persistent 120-year mode over the last 300 years (Fig. 4.6). Previous 

researchers have noted that periodic radial growth trends similar to these are an 

artifact of the influence of broad-scale climate forcing mechanisms operating at 

the sub-regional to regional scale (Briffa et a/., 1992; Stahle et a/., 1998; Gedalof 

and Smith, 2001 b; Laroque, 2002). 

The Southern Oscillation Index (Sol), used to describe the state of sea- 

level pressure (SLP) in the south Pacific Ocean, was reconstructed for the past 

300 years using tree-ring data (Stahle et a/., 1998). The winter signal was 

strongly expressed in the 3.5 to 5.8-year frequency band and was significantly 

correlated with sea surface temperature (SST) data. Similar modes of variability 

were extracted from tree-ring based multi-centennial reconstructions from 

southwestern United States and northwestern Mexico (Michaelsen, 1989). 

Variability modes shorter than eight years are believed to be associated with the 

El Nit70 Southern Oscillation (ENSO) that brings warmidry conditions and 

enhances radial growth. In the Mt. Waddington area, warmer January 

temperatures and lower snowpack conditions were shown to favor radial tree 

growth. Research on the El Nit70 phenomenon shows that negative winter 

precipitation anomalies, leading to lower than usual snowpacks, and above 
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average temperatures occur in western North America during warm El Nifio 

episodes (Green et a/., 1997; Shabbar et a/., 1997; Smith and OIBrien, 2001). 

The 20-23 year mode of variability, although expressed weakly, coincides 

with the recurrent influence of the Pacific Decadal Oscillation (PDO) on climate in 

western North America (Hare and Francis, 1994; Mantua and Hare, 2002). A 

detailed dendroclimatogical analysis of the Pacific Decadal Oscillation Index 

(PDOI) along the Pacific Coast of North America showed that the state of the 

Pacific Ocean shifted on average every 23 years during the past 400 years 

(Gedalof and Smith, 1999). Similar frequencies have been reported in tree-ring 

series throughout the region (Wiles et a/. 1998; Biondi, 2000; Peterson et a/., 

2002, Gray et a/., 2003). The PDO is a long-lived El Nifio-like pattern of Pacific 

climate variability characterized by alternating regimes of warm and cool sea 

surface temperatures in North Pacific (Zhang et a/., 1997). The positive phase 

(warm) of the PDO results in warmer, drier winters with below average 

snowpacks, which was characteristic of enhanced tree growth conditions in the 

Mt. Waddington area. Conversely, the negative phase (cool) of the PDO is 

associated with increased winter storminess, cooler air temperatures, increased 

precipitation, and greater snowpack depths. My dendroclimatological analyses 

indicate these fluctuating climate states lead to intervals of enhanced and then 

reduced radial growth. 

The 120-year mode of variability expressed within the whitebark pine tree- 

ring width index is similar to that reported within millennia-long tree-ring 

chronologies from Vancouver Island (Laroque, 2002). Although uncommon in 
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other proxy climate records, several studies have associated this century-scale 

cycle to solar forcing (Yu and Ito, 1999; Domack et a/., 2001 ; Neff et a/., 2001). 

Advancing mountain glaciers in Alaska during the past millennium were 

associated with decreases in solar irradiance occurring approximately every 200 

years, possibly in conjunction with decadal variability in the North Pacific (Wiles 

et a/., 2002) Given that prior research suggests that small changes in solar 

activity bring about pervasive climate shifts that oscillate from colder to warmer 

(Shindell eta/., 2001), it may be that the century long trends demonstrated within 

whitebark pine reflect persistent solar perturbations. 

4.8 Conclusion 

The radial growth characteristics of five high-elevation coniferous tree 

species were established from treeline sites located within the southern British 

Columbia Coast Mountains. Dendroclimatological analyses undertaken using 

historical climate data suggests their radial growth is significantly affected by 

seasonal air temperatures and spring snowpack depth. Whereas principal 

component analysis showed that radial growth was species-specific, the overall 

growth trends of all five species are strongly correlated. This finding suggests 

they share a common regional response to climate that is especially well 

expressed by the radial growth of subalpine fir and mountain hemlock. 

The climate-radial growth relationships were used to build proxy models of 

January, July, summer temperature, and April 1 snowpack depths extending from 

AD 1700 to present. These indices highlight cyclic periods of cool-wet conditions 
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that have modes of variability shorter than eight years, ca. 20-23 years in 

duration, and whitebark pine growth trends of ca. 120 years in length. Climate 

studies and dendroclimatological reconstructions from North America provide 

supportive evidence for oscillations in sea-level pressure and sea surface 

temperature states in the Pacific Ocean related to El Nit70 Southern Oscillation 

and Pacific Decadal Oscillation, leading to shifts in precipitation and temperature 

regimes along the coast of British Columbia. 
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Table 4.1. Summary of the tree-ring width chronologies developed in the Mt. 
Waddington area. Statistical data are from the output of the program COFECHA. 

Sample Sp Lo SS" Period 2'* 

" . " " " .--.....w- ". 
5I019'N; 1559- 12 1747-1999 

00A300 df TG 124"54'W 760 S 30(28) 0.504 0.185 0.862 442 2000 
5I029'N; 1644- 7 1802-2000 

00B400 sf OG 125"15'W 1500 SE 35(20) 0.575 0.209 0.774 357 2000 
51 "29'N; 1762- 8 1835-1999 

00B200 mh OG 125"15'W 1400 S 37(19) 0.62 0.237 0.701 238 1999 
51 "39'N; 1189- 9 1357-1999 

00C600 wbp SG 125"lO'W 1800 SW 50(27)0.495 0.213 0.856 812 2000 
5I031'N; 1700- 5 1743-2000 

01A400 sf HG 124"53'W 1830 W 37(20) 0.606 0.239 0.671 302 2001 
5I030'N; 1408- 8 1552-2000 

016600 wbp PG 124"55'W 1860 SW 36(19) 0.531 0.215 0.826 594 2001 
5I035'N; 1705- 7 1728-2000 

01C400 sf LG 124"50'W 1770 W 38(20) 0.566 0.189 0.805 296 2000 
51 "35'N; 1637- 10 1679-2000 

01C600 wbp LG 124"50'W 1770 W 32(17) 0.501 0.184 0.894 364 2000 
5Io37'N; 1778- 7 1818-2000 

01E400 sf EG 125"07'W 1700 SE 36(19) 0.592 0.188 0.692 223 2000 
5I037'N; 1721- 10 1767-2000 

01E600 wbp EG 125"07'W 1700 SE 38(22) 0.495 0.195 0.839 280 2000 
5I038'N; 1682- 6 1741-2000 

01G400 sf BG 125"Il'W 1720 SW 37(20) 0.6 0.224 0.713 319 2000 
51 "36'N; 1629- 7 1750-2000 

011400 sf RG 125"18'W 1800 SE 35(18) 0.566 0.181 0.776 372 2000 
5I014'N; 1648- 11 1721-2000 

OlJlOO yc CG 124"52'W 1600 SW 36(20) 0.515 0.272 0.807 354 2001 
5I014'N; 1660- 8 1700-2000 

01J200 mh CG 124"52'W 1600 SW 39(20)0.639 0.293 0.689 341 2000 
5I014'N; 1642- 6 1708-2000 

01J400 sf CG 124"52'W 1600 SW 48(27) 0.579 0.237 0.773 359 2000 

1 Species: df: Douglas-fir, sf: subalpine fir, mh: mountain hemlock, wbp: whitebark pine, yc: 
yellow-cedar. ~ocation: TG: Tiedemann Glacier, OG: Oval Glacier, SG: Siva Glacier, HG: Hope 
Glacier, PG: Pagoda Glacier, LG: Liberty Glacier, EG: Escape Glacier, BG: Byamee Glacier, RG: 
Ragnarok Glacier, CG: Cathedral Glacier. Elevation in meters. 4~spec t .  N indicates the 
number of tree cores (or series) included in the master chronology. In brackets is the equivalent 
number of trees. Pearson's coefficient of correlation calculated between all series included in the 
master chronology. MS: mean sensitivity. Indicator of relative variation from one yearly ring 
width to another. Varies from 0 to 1, with increasing sensitivity. 8 ~ ~ :  autocorr$ation coefficient of 
lag 1. It describes the importance of prior year growth in current year growth. Total number of 

10 years in the chronology. Total period covered by the chronology (in years AD). " SSS: 
Subsample signal strength. Number of series needed to capture the theoretical population signal 
(SSS 2 0.80). l 2  Period where SSS 2 0.80 (in years AD). 



Table 4.2. Principal component loadings for tree-ring width chronologies and 
total variance explained by each component. 

01 C600 wbp 0.273 0.073 0.730 
Variance 

1 Species: df: Douglas-fir, sf: subalpine fir, mh: mountain hemlock, wbp: whitebark pine, yc: 
yellow-cedar. 



Table 4.3. Pearson's correlation coefficients obtained for regional tree-ring width 
chronologies. 

df: Douglas-fir, wbp: whitebark pine, mh: mountain hemlock, yc: yellow-cedar, sf: subalpine fir. 
All correlations are significant at 95% confidence level. 



Table 4.4. Percentage of tree-ring width variance explained by climate. The 
values were extracted from the response function analysis by program 
PRECON. 

Station df wbp mh yc sf --- 
Mean temperature and total precipitation 
Big Creek 47.1 50.7 51.5 52.6 70.9 
Tatlayoko Lake 57.5 46.6 59.4 55.6 67.0 
Regional 47.6 48.2 52.4 43.8 63.7 
Minimum temperature and total precipitation 
Big Creek 42.2 50.8 46.4 42.1 66.3 
Tatlayoko Lake 50.3 38.9 59.4 48.6 51.1 
Regional 59.0 46.9 47.6 41.3 57.6 
Maximum temperature and total precipitation 

df: Douglas-fir, wbp: whitebark pine, mh: mountain hemlock, yc: yellow-cedar, sf: subalpine fir. 



Table 4.5. Climate model statistics. Calibration and verification statistical values 
were computed using program VERIFY (ITRDBL). 

Variables reconstructed REGRESSION 

January mean temp. 0.322** 0.103** 41 y = 10.984~ - 22.29 mh 1700-2000 
April 1 snowpack 0.457** 0.209** 24 y = -83.795~ + 168.52 sf 1690-2000 

Previous July mean temp. 0.536** 0.288** 34 y = -3.663~ + 17.388 sf 1690-2000 
July mean temp. (mh) 0.365** 0.133** 41 y = 3.77~ + 9.73 mh 1700-2000 
July mean temp. (sf) 0.556** 0.309** 34 y = 3.852~ + 9.925 sf 1690-2000 

CALIBRATION 
sign- 

reduction products negative 
r of error'5' t-value 1 st diff. (7) 

January mean temp. 0.324** 0.1 048* 1.6585 16 1 I *  
April 1 snowpack 0.467** 0.2178* 2.2854* 11 7 

Previous July mean temp. 0.530** 0.2809* 2.2448* 8* 8* 
July mean temp. (mh) 0.357** 0.1271* 1.8215* 16 12* 
July mean temp. (sf) 0.545** 0.2966* 0.8373 7* 9* 
Summer mean temp. 0.343** 0.1177* 2.1611* 18 12* 

VERIFICATION 
reduction sign- negative 

r of error t-value product I st diff. 
January mean temp. 0.359** 0.1252* 1.21 50 16 13* 

April 1 snowpack 0.354** 0.1 991 * 0.382 5* 8 
Previous July mean temp. 0.41 3** 0.1698* 0.6929 1 O* 7* 

July mean temp. (mh) 0.377** 0.0973* 2.3302* 17 1 0* 
July mean temp. (sf) 0.393** 0.1474* 1.7426* 13 1 0* 

0.331** 0.0145 1.6994* 18 12* 

"'Pearson's correlation coefficient. (2) N represents number of years included in the 
calibration (half the total number of years in the historical climatic record). (3) sf: subalpine fir, 
mh: mountain hemlock. (4)~er iod where SSS r 0.80 (in years AD). (5)Reduction of error: 
measures the association between estimated and actual values (Fritts, 1976). 
( 6 ) S i g n - p r ~ d ~ ~ t ~  test: measures the direction and magnitude of the departures in estimated 
and actual values (Fritts, 1976). (7) Negative first-difference test: measures only the direction 
of the departures from one year to the next in the two series. *Significant at 95% confidence 
level. **Significant at 97.5% confidence level. 



81. -=.fit, tnh: mqunIgtn m&& 
y ~ .  *ib-a~.wM M t e W  pine 
sf. W i p i e  R 

Figure 4.1. Location of the samples sites in the Mt. Waddington area. 
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Figure 4.2. Smoothed ring-width indices. Bars in black: below-average tree-ring 
index. Bars in white and grey: above-average tree-ring index. The grey 
rectangular corresponds to the period when SSS 1 0.80. Douglas-fir: 1747-1 999, 
whitebark pine: 1469-2000, mountain hemlock: 1700-2000, yellow-cedar: 1721 - 
2000, and subalpine fir: 1690-2000. 
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Figure 4.3. Significant Pearson's 
correlation coefficients between 
regional tree-ring chronologies 
and mean monthly temperature 
(~10.05). Asterisks indicate 
possible spurious relationships 
as determined by partial 
correlation analysis. 
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Figure 4.4. Proxy climate models reconstructed for the Mt. Waddington area 
(bars in black: below-average; bars in grey: above-average). 
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Figure 4.5. Wavelet power spectrum (a) and global wavelet (b) showing the 
significant modes of variability in the whitebark pine tree-ring index series (SSS r 
0.80). The wavelet power spectrum uses a Morlet wavelet function. The left axis 
corresponds to the Fourier period (in years). The contour levels represent 75 
(3.0), 50 (2.0), 25 (1.0), and 5% (0.50) of the wavelet power. The thick contours 
indicate significant modes of variance at 95% confidence using red-noise (AR 
lag-I) background spectrum. The crosshatched region corresponds to the cone 
of influence, where zero-padding has reduced the variance. The dashed line in 
the global wavelet indicates 95% confidence level. 
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5.0 Little Ice Age proxy glacier mass balance records reconstructed from 

tree rings in the Mt. Waddington area, British Columbia Coast Mountains, 

Canada 

5.1 Abstract 

Glacier mass balance records are in general sparse and of short term in 

Pacific North America. The intention of this research was to explore whether 

dendroclimatological relationships could be used to reconstruct long-term proxy 

records of Little Ice Age glacier mass balance changes in the southern Coast 

Mountains of British Columbia. In this instance, tree-ring width chronologies of 

dominant conifer species in the Mt. Waddington area were used in concert with 

historical glacier records to construct models spanning the past 450 years. My 

approach was to build models that were based on direct relationships between 

tree ring growth and glacier mass balance: I )  warmer temperatures in the 

summer positively influence tree growth but are detrimental to glacier health; 2) 

colder temperatures during the winter and deeper snowpack have a negative 

impact on tree growth, whereas they are related to greater accumulation on the 

glacier during the winter season. Stepwise regression analyses were applied to 

local tree-ring chronologies in order to predict glacier mass balance at local and 

regional scales for glaciers located in southwestern British Columbia and 

Washington State. My models of net annual balance for the region (regional 

dataset) show that periods of positive mass balance occurred in AD 1749-1 753, 

1827-1 832, and 1976-1 980. Peaks of winter balance correspond closely to these 
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periods, showing a sharp drop in winter mass balance towards the end of the 

19th century represented in other models by positive periods of net balance. 

Wavelet analyses suggest that glacial mass balance regimes in the region 

respond synchronously to Pacific Ocean circulation systems such as the El Nit70 

Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and a 

century-scale cycle believed to originate from solar forcing. 

5.2 Introduction 

The synchronous response of glaciers in coastal northwestern North 

America to historical climate changes suggests their mass balance regimes are 

broadly comparable (Luckman and Villalba, 2001). Examined in detail, however, 

contemporary glacier mass balance data from western North America show that 

these findings greatly simplify the complex glacier-climate relationships that 

prevail within this region (Hodge et a/., 1998). For example, whereas many 

glaciers in southern British Columbia and Washington state have experienced a 

half-century or more of repeated negative net mass balance conditions, Sentinel 

and Blue glaciers in the same region have experienced generally positive 

regimes over the same period (Waiters and Meier, 1989; Conway et a/. , 1999; 

Larocque and Smith, 2003). Furthermore, prior assessment of the mass balance 

regime of three Alaskan glaciers indicates their behaviour commonly diverges 

due to altered ocean-atmosphere circulation patterns (McCabe and Fountain, 

1995; Hodge et a/., 1998) or to surging processes independent of climatic 

change (Barclay et a/., 2001). 
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Glacier response to climate change is commonly benchmarked by dating 

moraines formed as glaciers retreat from advanced positions reached during or 

after a positive mass balance episode (Johannesson ef a/., 1989b). Glacier 

sensitivity to climate is, however, more precisely assessed by changes in ice 

volume that are transferred to the ice terminus through complex ice flow 

processes (Meier, 1965). Because ice terminus response to mass balance 

fluctuations is delayed, building models of glacier mass balance based on 

available instrumental records allows for a more detailed history of past climate 

change, providing insights into the evolution of future atmospheric and glacial 

systems. 

Tree growth patterns have been used to directly reconstruct glacier mass 

balance with encouraging results (Nicolussi, 1994; Nicolussi and Patzelt, 1996; 

Lewis, 2001). Because winter precipitation and summer temperatures have an 

influence on both tree growth and glacier mass balance, the development of an 

inductive model of proxy mass balance fluctuations through the Little Ice Age 

(LIA) climatic episode using regression analysis is possible (Karlen, 1984; Raper 

ef a/., 1996; Watson and Luckman, 2003). 

My intention is to use dendroclimatological relationships in concert with 

dendroglaciological findings to reconstruct robust proxy records of LIA glacier 

mass balance changes in the British Columbia Coast Mountains, Canada. Tree- 

ring width chronologies of dominant conifers are used to develop glacier mass 

balance models spanning the past 450 years. I expect that this research will lead 

to a better understanding of the magnitude of climatic change within the last 
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millennium, particularly those recorded by corresponding changes in glacial mass 

balance. Given that glaciers in this region appear responsive to climatic changes 

recorded during the 20th century, a clearer understanding of these changes is 

critical for forecasting the impacts of future climatic fluctuations. 

5.3 Glacier mass balance in Pacific North America 

In this paper, net mass balance (Bn) is defined as the change in glacier 

mass balance at the end of two consecutive summers, the hydrological year 

ending on September 30, in units of water equivalent (mm w. e.; Dyurgerov, 

2002). Bn corresponds to the difference between winter (Bw) and summer (Bs) 

mass balance. Winter mass balance describes the net snow accumulation at the 

end of the winter season above the previous summer surface. Summer mass 

balance refers to the difference between the net and the winter mass balance, 

and corresponds to the total ablation occurring during the summer season. 

Glacier mass balance records are in general sparse and of short term in 

Pacific North America. Eight glaciers have mass balance measurements that 

extend back to the 1950s and 1970s (Fig. 5.1, Table 5.1): three of these are 

located in Alaska (Wolverine, Gulkana, and Lemon glaciers); three are located in 

the British Columbia Coast Mountains (Sentinel, Helm, and Place glaciers); and 

two are located in Washington State (South Cascade and Blue glaciers). 

Wolverine Glacier is a low elevation (400-1 700 m asl) south-facing maritime 

glacier located in the southern-coastal region of Alaska. Gulkana Glacier (1 165- 

2460 m asl) is located in interior Alaska, where the continental character is 



distinct from the more maritime Lemon Creek Glacier (470-1512 m asl) located 

along the coastal border between the United States and Canada (Miller and 

Pelto, 1999). Sentinel Glacier is located on a north-facing slope within the 

southern Coast Mountains of British Columbia (1660-2105 m asl; Mokievsky- 

Zubok, 1973; Yarnal, 1984). Mass balance measurements at Sentinel Glacier 

ended in 1989 because of the proximity and high correlation with Helm Glacier 

(1 770-21 50 m asl) located on a nearby northwest-facing slope. Place Glacier 

(1 860-261 0 m asl) is located on the eastern side of the coastal range and is more 

continental in character than either Sentinel or Helm (Moore and Demuth, 2001). 

In Washington State, mass balance measurements at north-facing South 

Cascade Glacier (1630-2140 m asl) in the North Cascades began in 1957 (Meier, 

1965; Tangborn, 1980; Krimmel, 1989; 1999; Hodge et a/., 1998). Blue Glacier 

(1 280-2320 m asl) is a distinctly maritime glacier located on the northeastern 

slope of the Olympic Mountains (Armstrong, 1989; Spicer, 1989; Conway et a/., 

1 999). 

Mass balance data collected at these glaciers show regional synchronicity 

(Walters and Meier, 1989; Bitz and Battisti, 1999; McCabe et a/., 2000), with six 

of the eight glaciers having experienced generally negative Bn conditions over 

the period of record (Table 5.1 ; Dyurgerov, 2002). The greatest cumulative 

volumetric losses occurred within the southern group sites at Helm (-1 199 mm w. 

e.), Place (-867 mm w. e.), and South Cascade (-588 mm w. e.) glaciers (Fig. 

5.2). Bn losses at the three Alaskan glaciers are comparatively less (-362 to - 

221 mm w. e.). By contrast, Sentinel and Blue glaciers both record comparable 
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positive Bn regimes and declining rates of frontal retreat over the measurement 

period (245 and 313 mm w. e.). 

Examination of the historical mass balance regimes shows that significant 

correlations exist between the southern glaciers, with the strongest relationships 

existing between Helm and Sentinel glaciers (r = 0.822; Table 5.2). On the other 

hand, Gulkana and Wolverine glaciers are characterized by a negative 

relationship with the southern glaciers, supporting the differential behavior 

discussed by McCabe et a/. (2000). Lemon Creek Glacier does not correlate 

significantly with any of the glaciers, suggesting either an individualistic behavior 

related to local factors or problems with measurement data. 

A principal component analysis of the Bn, Bw, and Bs data from this group 

of glaciers reinforces the findings of previous researchers who noted the 

behavioral contrasts between the northern and southern glaciers (Table 5.3; 

Walters and Meier, 1989; McCabe and Fountain, 1995; Hodge et a/., 1998; 

McCabe eta/., 2000). My analyses show that the first and most important 

component of variance is explained at 48.5% mostly by annual mass balance of 

southern glaciers. Glaciers from Alaska form the second and third components, 

the later being explained mainly by continentality (Gulkana). Both explain 

respectively 19.5 and 12.6% of the variance. Similar results were found for the 

winter and summer mass balance, with summer ablation in the southern glaciers 

being strongly negatively correlated to that at the Alaskan glaciers. 
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5.4 Study site 

The Mt. Waddington area is located within the southern Coast Mountains 

of British Columbia, Canada (Fig. 5.1 ). Some of the highest peaks in British 

Columbia and largest glaciers in the southwestern cordillera are found in this 

area (Clarke, 2002). Glaciers found along the windward maritime slopes of the 

Coast Mountains experience annual air temperatures that average 7.9"C and 

precipitation totals average greater than 1677 mm at low elevation (normals 

1961 -1 990; Bella Coola, 52"22'N-l26"41 'W, 18 m asl). The climate of glaciers 

located adjacent to the Interior Plateau is more continental in character, with 

average annual air temperatures ranging from 2.2"C (normals 1961 -1 990; Big 

Creek; 51 "43'N-I23"O2'W, 1 I28 m asl) to 4.1 "C (normals 1961 -1 990; Williams 

Lake; 52'1 I'N-122"03'W, 940 m asl) and average annual total precipitation falls 

within the 400 to 450-mmlyear range at 1000 m in elevation (Meteorological 

Service of Canada, 2002). 

The LIA behavior of glaciers within the Mt. Waddington area corresponds 

closely to the emerging chronology of events in the Pacific Northwest (PNW) 

(Larocque and Smith, 2003). Whereas maximum LIA glacier terminus positions 

were dated to AD 1200s, 1400s, and l5OOs, moraine-building episodes were 

found to have occurred by AD 620, and in AD 925-933,1203-1226,1260-1275, 

1 344-1 362, 1443-1 458, 1 506-1 524, 1 562-1 575, 1 597-1 621 , 1 657-1 660, 1 767- 

1784, 1821-1 837, 1871 -1 900, 191 5-1 928, and 1942-1 946. Although 

synchronicity between periods of glacial activity was common, local factors such 



as aspect and size were shown to play an important role in individual glacial 

response. 

Historical ice front positions shown on vertical aerial photographs were 

used to establish ice terminus behavior and rates of retreat from 14 glaciers in 

the region (Table 5.4). During the 20th century, most glaciers in the Mt. 

Waddington area have undergone an extended period of general retreat and 

downwasting. Whereas a few glaciers continue to maintain terminal positions 

close to those they held 50 years ago, the majority retreated up valley from 550 

m (Cathedral Glacier) to 2177 m (Tiedemann Glacier). Historical aerial 

photographs and dated moraines show that immediately prior to 1954 glacier ice 

fronts were retreating at an average rate of 10.7 (range 2.7-21.9) mlyear. This 

rate doubled over the next decade to 21.5 (range 0-64.6) mlyear, before slowing 

(0-1 1.3 mlyear) or advancing between 1965 and 1977 (Table 5.4). Over the next 

three years, the pace of ice front glacier recession increased to average 14.2 

(range 0-40.3) mlyear), subsequently slowing to an average rate of 8.6 (6.3-24.8) 

mlyear between 1980 and 1994. The average rates of terminus retreat are 

comparable to those measured in Garibaldi Provincial Park in the southern Coast 

Mountains (9.1-46.6 mlyr: Ricker and Tupper, 1979; 24 mlyr: Mokievsky-Zubok, 

1973), on Vancouver Island, British Columbia (13.2-24.4 mlyr: Smith and 

Laroque, I 996), and at Adams Inlet, Alaska (7.9-1 92 mlyr: McKenzie, 1969). 

The historical behavior of glaciers within the study area suggests that the 

climate of this region has led to mostly negative mass balance conditions over 

the last fifty years. Mass balance data from Tiedemann (Lat. 51•‹20', Long. 
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I25OO3'; 1981 -1 985 and 1989-1 990) and Bench (Lat. 51•‹26', Long. I24O55'; 

1981 -1 985 and 1988-1 990) glaciers located within the Mt. Waddington area, 

although limited in length, support this contention (Figs. 5.1 and 5.2). Reduced 

rates of ice front retreat and glacier advance between 1965-1 977 and 1980-1 994 

correspond to similar short-lived positive mass balance conditions at other 

glaciers in Pacific North America (Fig. 5.2). 

5.5 Methododology 

Tree-ring width chronologies of climatically-sensitive conifer trees from the 

Mt. Waddington area were used to reconstruct robust proxy mass balance 

records applicable to the southern British Columbia Coast Mountains. Previous 

research has shown that the radial growth of high elevation trees is sensitive to 

climate and that dendroclimatological analyses have the potential to serve as 

glacier mass balance proxies (e.g., Bhattacharyya and Yadav, 1996; Nicolussi 

and Patzelt, 1996). 

5.5.1 Dendrochronological analysis 

Field investigations were undertaken during the summers of 2000 and 

2001 in the Mt. Waddington area. Fifteen tree-ring chronologies were sampled in 

adjacent mountain ranges at sites occupying valley slopes close to the ice 

terminus of glaciers at elevations ranging from 760 to 1860 m as1 (see Chapter 

4). The tree-ring sites were mostly south- and west-facing, representing relatively 

drier sites and accentuated temperature extremes. Increment core samples were 
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collected from Pinus albicaulis Engelmann (whitebark pine), Abies lasiocarpa 

[Hooker] Nuttall (subalpine fir), Tsuga mertensiana (Bongard) Carriere (mountain 

hemlock), Pseudotsuga menziesii (Mirbel) Franco (Douglas-fir), and 

Chamaecyparis nootkatensis (D. Don in Lambert) Spach (yellow-cedar). Two 

increment cores extracted at breast height (at ca. 90 O) were collected from at 

least 20 trees per site. 

Samples were returned to the University of Victoria Tree-Ring Laboratory 

(UVTRL) where they were air dried, glued to slotted wood mounting boards, and 

sanded with progressively finer sand paper to enhance the boundaries between 

the annual rings. A WinDENDROTM (Version 6.1 b) digital tree-ring image 

processing and measuring system (Guay et a/., 1992) and a Velmex-type stage 

were used to measure the annual ring increments (precision: + 0.01 mm). 

The tree-ring measurements were visually crossdated using narrow 

marker years and were quality checked using the International Tree-Ring Data 

Bank Library (ITRDBL) software program COFECHA (Holmes, 1999). Verification 

was based on 50-year dated segments with 25-year lags, significant at a 99% 

critical level of correlation of 0.320 (Fritts, 1976). Low-frequency variance was 

removed by filtering with a cubic smoothing spline having a 50% cutoff of 32 

years. An autoregressive model was fit to the data to remove any persistence 

within the smoothed series and a log-transformation was performed in order to 

produce more equal ring measurements. Segments that were not significantly 

correlated were remeasured, corrected and/or deleted to account for radial 
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growth anomalies arising from the inclusion of missing or false rings or operator 

error. 

Standardized chronologies were constructed with the ITRDBL program 

ARSTAN (version 6.04P1 2000) and incorporated a double-detrending approach. 

First, a negative exponential curve, a linear regression, or a horizontal line 

passing through the mean was used to remove any age-growth trends (Fritts, 

1976). Following this, the series were detrended a second time to reduce the 

impact of abiotic factors on radial growth (e.g., competition and defoliation) with a 

smoothing spline having a 67% frequency-response cutoff. Both standard 

(detrended index) and residual (index derived from autoregressive modeling) 

series were included in further analyses. Standardization is essential in 

comparative analyses of tree-ring series, as it removes non-climatic trends 

related to tree growth and stand disturbance (Fritts, 1976; Cook et a/., 1995). 

5.5.2 Dendroclimatological analysis 

To examine the contribution of climatic parameters to tree-ring width 

variance, correlation analyses were undertaken between annual radial growth 

and historical climate (Environment Canada, 2002) and snow (River Forecast 

Centre) data. Standardized tree-ring indices were correlated to monthly climate 

data and the significant variables (p I 0.05) were then used to verify any 

dendroclimatological relationships (see Chapter 4). The subsample signal 

strength (SSS) values (program ARSTAN) provide a statistical tool useful for 

determining the size of a sample needed to capture the theoretical population 
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signal of tree-ring variation. SSS values above 0.80-0.85 were used to identify a 

cutoff year in the chronologies, above which there was sufficient sample 

robustness to reconstruct a reliable time series (Wigley eta/., 1984). 

5.5.3. Glacier mass balance reconstruction 

My reconstructions rely upon the historical glacier mass balance data 

presented by Dyurgerov (2002) and two derived regional glacier mass balance 

indices (principal components and average of mass balance records from 

southern glaciers). Most of the data used were originally obtained using the stake 

and snowpit method described by 0strem and Brugman (1991). An exception are 

the data from Blue Glacier, where the annual mass balance has been estimated 

by probing the residual snow (1 956-1 986) and using late-season ELA (1 987- 

1999) in a regression that was developed over the years of direct measurement 

(Conway et a/. , 1999). 

Correlations between the data series were established, and significant 

variables were entered into a stepwise multiple regression analysis. Goodness- 

of-fit of the models was determined using coefficients of correlation and 

determination, t- and F-values (p 2 0.05), and analyzing the residuals for 

normality, variance, and autocorrelation. Because the entire historical datasets 

were used for calibration purposes, independent datasets of reconstructed 

glacier mass balance in the southern Coast Mountains were used for validation 

from Tangborn (1 98O), Burbank (1 982), Lewis (2001), Moore and Demuth 

(2001), and Watson and Luckman (2003). Dated LIA moraine-building episodes 



in the Mt. Waddington area (Larocque and Smith, in press) and wet-cool periods 

determined from dendroclimatic reconstructions (Larocque and Smith, submitted) 

were compared to my models to provide an additional source of verification. 

A wavelet analysis was completed to determine the dominant modes of 

variability in time within the glacier mass balance reconstructions (Torrence and 

Compo, 1998; Laroque, 2002; Gray et a/., 2003). The analyses were undertaken 

at the interactive website developed by Torrence and Compo (1998). A Morlet 

wavelet function with a significance level of 5% was applied using a red-noise 

process of lag-I autoregression, as this orthogonal approach allows for 

increased precision on the periodic scale (Torrence and Compo, 1998). To 

overcome any time-related errors at the beginning and the end of the series, the 

extremities were padded with zeros to limit the edge effects. 

5.6 Observations 

The dendroclimatological behavior of the 15 tree-ring chronologies was 

established by compiling them into species-specific master tree-ring 

chronologies. In general, the correlation analyses indicate that radial growth 

within this region is negatively impacted by summer air temperature of the 

previous growth year, positively influenced by air temperature of the current 

growing season, and negatively related to the seasonal snowpack (Laroque and 

Smith, submitted). The climate variables are essentially the same as those that 

govern glacier mass balance fluctuations in this region (Tangborn, 1980; 

Burbank, 1982; Letreguilly and Reynaud, 1989; Brugman, 1992; McClung and 
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Armstrong, 1993; Moore and McKendry, 1996; Bitz and Battisti, 1999). Warm 

summer air temperatures enhance radial growth but lead to accelerated glacier 

ablation and negative Bs conditions. Cold winters and deep seasonal snowpack 

have a negative impact on tree growth (Gedalof and Smith, 2001a) but positively 

enhance Bw conditions. Discovery of the influence of climate on tree-ring growth 

in this setting and recognition of the corollary impact on glacier mass balance 

provides a rationale for constructing proxy mass balance records using a tree- 

ring based climate-response model. 

5.7 Glacier mass balance modeling using tree-ring width series 

Table 5.5 presents the findings of correlation analyses between the five 

regional ring-width chronologies and the existent historical mass balance 

records. Whitebark pine presents the greater number of significant correlations 

with the different glacier mass balance records, mostly as a consequence of the 

influence of summer temperature. Mountain hemlock also represents a good 

predictor-species, likely related to the significant influence of January 

temperature and spring snowpack on annual growth (see Chapter 4). Despite the 

short series included in the PC scores, the highest values of correlation are 

recorded with the PC1 (Bn, r=-0.556) and 2 (Bs, r=0.811). Significant inverse 

relationships exist between radial growth of some tree species and the mass 

balance records from Helm, Sentinel, Blue, and South Cascade glaciers. This 

finding is attributed to the opposing impact of warm summer temperatures and/or 

shallow winter snowpacks on tree growth and glaciers. The Bw record at 
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Wolverine Glacier is positively correlated with most of my tree-ring chronologies, 

suggesting that the winter circulation patterns in coastal Alaskan glaciers that 

enhance snowpack accumulation have the opposite effect within the Mt. 

Waddington area where a deficit of snow enhances radial growth (Table 5.5). 

The significant relationships to the 15 local tree-ring chronologies were 

included within a stepwise regression function that included only the first or 

second most highly correlated variables for each mass balance series. Analysis 

of model statistics and evaluation of the residuals indicate that seven have 

significant predictive power (Table 5.6). These reconstructions (SSS 1 0.80) are 

shown in Figures 5.3 to 5.5. Whereas tree rings explain from 78 to 82% of the 

variance in the proxy records constructed from the principal component models 

(Figs. 5.3 and 5.5), overall the models explain from 27% (Bw, South Cascade) to 

51 % (Bn, Regional) of the variance in glacier mass balance recorded at the 

various sites (Table 5.6). These findings are similar to those of Lewis (2001) who 

reconstructed the glacier mass balance regime of glaciers on Vancouver Island 

using tree-ring width series with explained variances of 50%. Table 5.7 shows 

that the models correlate significantly, with correlation coefficients ranging from 

0.137 (PC1 Bn and Place Glacier Bw) to 0.961 (PC1 Bn and Bs). 

Whereas the regional and PC models are believed to better represent 

glacier behavior in the southern British Columbia and Washington state because 

of the reduction of variance related to local factors (Lewis, 2001), the 

development of glacier-specific models is justifiable as: I )  a regional climate 

signal exists along the Pacific Coast (Gedalof and Smith, 2001a), on Vancouver 



Island (Laroque, 2002), and in the Mt. Waddington area (Larocque and Smith, 

submitted); 2) glacier mass balance measurements from southern locations are 

significantly correlated between sites and with tree-ring chronologies in the Mt. 

Waddington area; 3) the models are supported by significant statistics and are 

visually similar; 4) the regional glacier mass balances series consist of a mixed 

signature, which possibly reduces confidence in the regional chronology: glaciers 

like Blue and Sentinel show a positive mass balance over the measurement 

period, although the others have a negative overall net balance; and 5) the PC 

series are not highly reliable because of the short series used to calibrate the 

models. 

Periods of positive mass balance based on a 10-year moving average 

were found in the regional model in the 1 750s, 1820s to 1830s, and 1970s (Fig. 

5.3). Based on the PC1 net balance model, peaks of score values, which 

correspond to peaks of positive glacier mass balance in southern glaciers, 

indicate that most glaciers in this region possibly grew in size at around 1480, 

1520, 1700, 1820, 1875, and 1985. 1 suggest that the periods of positive mass 

balance derived from the regional datasets are under-estimated as the calibration 

was undertaken on a negative period of glacier mass balance and the series 

were smoothed (e.g., see original series in Figs. 5.3 to 5.5). Peaks of winter 

balance were found in 1 74Os-I75Os, 1 78Os, 1 8 1 Os, ca. 1 850, 1 860-1 87Os, 

1890s, ca. 1920, 1950s, and 1975 (Fig. 5.4). A distinct characteristic is the 

sudden and sharp drop in winter mass balance at the end of the 19th century. 

The summer balance is similar to the net annual balance derived from the PC1 
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model (r = 0.961, Table 5.7), both using the same tree-ring chronology (Fig. 5.5). 

The Blue Glacier model presents some distinct characteristics, as the series 

includes more positive values and greater variability (Fig. 5.3). 1 suggest that the 

calibration based on positive glacier mass balance is responsible for this result. 

The main periods of positive Bn occurred at Blue Glacier in the 1740s to 1770s, 

1850s-1870s, 1880s-1900s, and I ~ ~ O S - I ~ ~ O S .  

5.8 Discussion 

Rigorous verification of my reconstructions is problematic due to the 

limited duration of the glacier mass balance time series (maximum 46 years). 

Although correlation analysis does suggest the relationships are robust and 

significantly correlated with one another (Table 5.7), there are insufficient 

historical data to allow us to partition the time series in half for model calibration 

and verification of the predicted values. 

To overcome the limited availability of instrumental data, I compared my 

reconstructions with those based on tree-rings presented by Lewis (2001) on 

Vancouver Island and Watson and Luckman (2003) at Peyto Glacier, and 

thosebased upon temperature and precipitation models developed by Moore and 

Demuth (2001) at Place Glacier, Tangborn (A980) at South Cascade Glacier, and 

Burbank (1 982) at Mt. Rainier. As shown in Figure 5.6, the existent proxy records 

overlap positive mass balance conditions in ca. 1700, 1740, I81  0-1 820, 1850, 

1875, 1895, 1920, 1930, 1955-1 970. Periods of positive mass balance were 

generally found in one or all of my annual balance models (Fig. 5.6) and show 
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significant relationships (r range: 0.227-0.469) to the reconstructed glacier mass 

balance from Place and South Cascade glaciers (Table 5.8). They correspond to 

the most important regionally recognized coolerlwetter periods observed from 

temperature and snowpack models developed in the Mt. Waddington area in 

early to mid-1 700s and mid to late-1 800s (Chapter 4; Table 5.9). 

Corollary research at 14 glacier forefields in the Mt. Waddington area 

provides a record of moraine construction that spans the LIA (see Chapter 3). 

Comparison of this record with my reconstructions shows positive balance 

conditions precede all but two of the LIA moraine-building events (1657-1660) in 

the Mt. Waddington area (Table 5.9). The most well-represented periods of 

advanced ice front positions recognized in Pacific North America, such as mid- 

1700s, early and late-1800s, and early to mid-1 900s, are likely associated to 

positive glacier mass balance. Notwithstanding this observation, there is an 

apparent delay between the termination of positive Bn conditions and the dated 

moraine-building events up to 48 years (Table 5.9). This is similar to the estimate 

of 42 years calculated for Rae Glacier in the Canadian Rockies (Lawby et a/., 

1995). The response time reflects differential decade to century-scale 

glaciological responses (partly determined by glacier geometry and local 

conditions) to ongoing environmental changes (Johannesson et a/., 1989a; 

Oerlemans, 1989; Lawby et a/. , 1995) and variable moraine stabilization periods 

(Meier, 1965). 

A wavelet analysis of my reconstructed glacier mass balance series 

indicates that the highest energy is directed towards periods shorter than eight 
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years (two to four years being predominant; Fig. 5.7). This high-frequency cycle 

is associated with El NiAo Southern Oscillation (ENSO), characterized by 

Southern Oscillation Index (SOI) representing the difference in sea-level 

pressure across the tropical Pacific Ocean. ENS0 is known to influence 

precipitation regimes in Pacific North America and McCabe et a/. (2000) 

described the role positive SO1 events play in enhancing winter mass balance 

events within the PNW. Hodge et a/. (1998) estimated a lag of about 3.5 + 05 

months between SO1 and the effect of ENS0 on glacier mass balance. 

A shift in glacier mass balance state following the winter 1976-1977 is 

widely documented and corresponds to changing spring snowpack conditions in 

British Columbia (Moore and McKendry, 1996) and Washington State (Pelto, 

1987). This inherent step-like fluctuation from primarily positive to negative mass 

balance regimes (Hodge etal., 1998; McCabe and Fountain, 1995; McCabe et 

al., 2000) within the southern group of glaciers is attributed to a 20 to 30 year 

cycle inherent to the Pacific Decal Oscillation (PDO)(Mantua etal., 1997; Gedalof 

and Smith, 2001 b). Corresponding to enhanced modes of variability at this 

frequency within my reconstructions (Fig. 5.7), the attendant changes in mass 

balance are attributed to the relative strength and position of the Aleutian Low off 

Pacific North America. Whereas warm phases of the PDO lead to negative mass 

balance conditions within the southern group of glaciers shown in Figure 5.2, 

cold phases result in increased storminess and winter accumulation, a reduction 

in summer ablation resulting from the displacement of the transient snowline 

elevation, and a tendency toward positive mass balance conditions (Wallace and 
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Gutzler, 1981 ; Walters and Meier, 1989; McCabe eta/., 2000; Moore and 

Demuth, 2001). 

The low-frequency century scale (1 04-145) variability embedded within the 

reconstructed glacier mass balances records shown in Figure 5.7 has previously 

been attributed to solar forcing (Yu and Ito, 1999; Domack et a/., 2001; Neff et 

a/., 2001). For instance, periods of glacier advance within the mountains of 

Alaska during the past millennium were associated with decreases in solar 

irradiance occurring approximately every 200 years, possibly in conjunction with 

decadal variability in the North Pacific (Wiles et a/., 2002). Given that prior 

research suggests that small changes in solar activity bring about pervasive 

climate shifts that oscillate from colder to warmer conditions (Shindell et a/., 

2001), it may be that the century long trends demonstrated within glacier mass 

balance reflect persistent solar perturbations. 

5.9 Conclusion 

Seven tree ring-based models of reconstructed glacier mass balance were 

presented in this study. Three annual balance models were developed from the 

regional series, PC1 scores, and Blue Glacier. The regional series, South 

Cascade and Place glaciers led to the reconstruction of three additional winter 

mass balance models. Summer balance was also reconstructed from the first 

principal component. Periods of positive net mass balance in the regional model 

were found in the 1 750s, 1820s to l83Os, and 1970s. Peaks of winter balance 

correspond closely to these periods, showing a sharp drop in winter mass 
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balance towards the end of the 19th century represented in other models by 

positive periods of net balance. They are correlated with cool and wet climate 

episodes in the Mt. Waddington area. They precede LIA moraine-building 

episodes recorded in the Mt. Waddington area by as much as 50 years in some 

cases, which include the glacial response time and a period of moraine 

stabilization after the ice terminus retreats. The extension of current glacier mass 

balance measurements to several centuries enables a more precise assessment 

of the impact of past climates on glacial systems. Long-term mass balance 

oscillations of variable duration (8 years: ENSO; 20-30 and 40-80: PDO; century- 

scale: solar activity) indicate that climate-forcing mechanisms in the Pacific 

Ocean have a pervasive effect of glaciers in southwestern British Columbia and 

Washington state. The suggested 1998-1999 shift in the PDO state (Mantua and 

Hare, 2002), introducing the PNW to a "cool" period should increase storminess 

along the eastern Pacific Coast, which in return may impact positively glacial 

systems if the natural variability is not perturbed by human-induced climate 

change. 
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Table 5.1. Statistics of glaciers used in this study. The information was derived 
from Dyurgerov (2002). 

P 

Length Area 
Glacier Lat Long Elev. (med) (km) (km2) Aspect ~ n '  years2 Range (bn) -- Co!.??t'Y 'Y'Y'Y.'Y'Y ,'Y.'Y'Y'Y..'Y'Y'Y,'Y~-~. ..., " 

63" 145" 1165-2460 
Gulkana Alaska Rge USA 14'N 28'W (1840) 8.5 19.3 SISW -347 34 1966-1999 

59" 134" 
Lemon Creek N. Cst Mtns USA 36'N 36'W 470-1512 1 1.728 -221 46 1953-1998 

60" 148" 400-1700 
Wolverine Kenai Mtns USA 22'N 54'W (1310) 8 17.62 SIS -362 34 1966-1999 

51" 125' 700-3800 1981-1985, 
Tiedemann S. Cst Mtns Canada 2O'N 03'W (1950) 24 62.67 SElSE -1027 7 1989-1990 

51" 124' 1480-2740 1981-1985, 
Bench S. Cst Mtns Canada 26'N 55'W (2000) 8 10.509 SWINW -660 8 1988-1990 

50" 122" 1860-2610 
Place S. Cst Mtns Canada 26'N 36'W (2089) 4.2 3.45 NElNE -867 35 1965-1999 

49" 123" 1770-2150 1976-1 980, 
Helm S. Cst Mtns Canada 58'N OO'W (1900) 2.5 0.92 NWINW -1199 23 1982-1999 

49" 122" 1660-2105 
Sentinel S. Cst Mtns Canada 54'N 59'W (1850) 1.9 0.94 NlNW 245 24 1966-1989 

47" 123" 1956,1958- 
Blue Olympic USA 49'N 41'W 1280-2320 4.2 4.2 NEINW 313 41 1997 

48" 121" 1630-2140 

1 Net balance averaged over the period of measurement. 
  umber of measurement years. 



Table 5.2. Correlation analysis between glaciers along the Pacific Northwest and 
southern Alaska. 

-a*--- --=v----mww w *-? 

Helm .096 0.060 0.001 
Place 0.253 -0.144 
Sentinel -0.307 0.132 - 
S.Cascade -0.256 0.108 
Blue -0.064 0.133 
Gulkana 0.306 
Lemon 
Wolverine 

^ * V I X V I X w U  UY*II * -.-- mm m-XIXX^- --A ,- X- *X --- XI*I-*s-q*--.X-*-- --- rm_ .wx- 

Gray shading corresponds to significant correlations (p S 0.05). 



Table 5.3. Principal component scores of glaciers along the Pacific Northwest 
and Alaska. In gray shading are the glaciers contributing to explain each principal 
component. Note that no summer and winter mass balance data are available for 
Blue and Lemon Creek glaciers. 

1 Southern Coast Mountains of British Columbia, *washington State, 3 ~ l a s k a  



Table 5.4. Ice terminus retreat during the 20th century, as estimated from air 
photographs dating to 1954, 1965, 1977-1 978, 1980, and 1994. 

Last 
site' advance- 1954- . 1965- 1977- 1980- Retreat 

1954* 1965* 1977* 1980* 1994* (m) 

Astarte Glacier [----------- 7.7 (467)--------I [-------I 9.4 (31 1 )-------I 12.7 (1 78) 956 
Byamee Glacier NIA 0 0 0 0 0 
Cathedral Glacier 2.7 (400) 0 0 0 24.8 (1 50) 550 
Escape Glacier NIA (343) 13.6 (1 49) advancing 14.9 (60) 12.6 (1 64) 71 6 
Hope Glacier 20.7 (807) 1 1.2 (1 23) [---------7 (1 05)---------I 12.5 (1 75) 121 0 
Liberty Glacier 9.1 (491) 36.7 (404) 16.1 (193) 23.3 (70) 6.3 (88) 1246 
Oval Glacier 8.7 (226) 22 (242) 13.4 (161) 40.3 (161) 0 790 
Pagoda Glacier NIA 0 0 0 0 0 
Ragnarok Glacier NIA (289) 64.6 (71 1) 1 1 . I  (1 56) NIA NIA 1156 
Razor Creek GI. 6.9 (373) 35.3 (388) NIA [ -------- 5.3 (go) -------- 1 851 
Siva Glacier 7.6 (556) 12.1 (1 33) [--------- 4.4 (67) --------- ] 7.9 (1 11) 867 
Tiedemann GI. 21.9 (745) 55.3 (608) [-------- 41.7 (667)-------I 12.1 (157) 2177 

* Rates in mlyear (distance in m) 
1 See Chapter 3 for more details on the glaciers. 



Table 5.5. Correlation analyses between regional tree-ring width chronologies 
and glaciers with long historical glacier mass balance record along the Pacific 
Northwest and Alaska. Note that no summer and winter mass balance data are 
available for Blue and Lemon Creek glaciers. 

Glaciers I df wbp mh yc sf 1 df wbp mh yc sf 

Helm I I 
(n=23) .660 
Place 
(n=35) 
Sentinel I 
(n=23) .502 .440 
Blue ---- ---- ---- ---- ---- 
(n=41) .452 .520 ,492 .466 
S.Casc. 
(n=43) .346 ,527 ,508 .409 .491 .403 
Gulkana 
(n=34) 
Lemon ---- ---- ---- ---- ---- 
(n=46) 
Wolve. 
(n=34) .372 ,417 .445 .365 ,358 

Reg. 

Tree species: df: Douglas-fir, wbp: whitebark pine, mh: mountain hemlock, yc: yellow-cedar, sf: 
subalpine fir 
All correlation are significant at 95% significance level. 



Table 5.6. Statistics of glacier mass balance models. All statistics are significant 
at p 2 0.05. The resulting regression models have normal, equally distributed, 
and independent residuals. 

value (tree-ring (SSS 5 
series)' 0.80) 

Regional Bn 0.71 6 0.51 3 15.804 y = -3278.424~~ - xl: 01 C6OO 33 1730- 
2051 .634x2 + (std) 2000 
4455.239 ~ 2 :  01 E600 

(std) 
PC1 Bn 0.884 0.781 17.801 y = -24.354~~ + xi: 01B600 13 1469- 

12 .914~~  + 10.046 (res) 2000 - 

x2: wbp (res) 
Blue Bn 0.626 0.392 12.254 y = -4340.905~1 - XI: 01C600 41 1679- 

1646.339~2 + (res) 2000 
6040.252 ~ 2 :  01 J200 

(std) 
Regional Bw 0.589 0.347 1 1.697 y = -1929.679~ + x: 00B200 24 1835- 

4388.488 (std) 1999 
S.Casc. Bw 0.51 5 0.265 13.687 v = -1 960.355~ + x: 00B200 40 1835- 

644.68 1 (res) 1999 
Place Bw 0.581 0.337 9.679 y = -1 402.1 94x + x: 01 J400 21 1708- 

3139.693 (std) 2000 
PC1 BS 0.904 0.817 22.266 y = -18.195~ + X: 01 B600 7 1552- 

' 16.739 

1 res: residual chronology; std: standard chronology; tree-ring series used: 01 C600 (whitebark 
pine Liberty Glacier), 01 E600 (whitebarkpine from .Escape Glacier), 01 B6OO (whitebark pine from 
Pagoda Glacier), wbp (regional whitebark pine), 01 J200 (yellow-cedar from Cathedral Glacier), 
00B200 (mountain hemlock from Oval Glacier), 01 J4OO (subalpine fir from Cathedral Glacier). For 
location of glaciers, see Chapter 3. 



Table 5.7. Correlation between glacier mass balance models. All correlations are 
significant at p 5 0.05. 

P 

Reg. Bn PC1 Bn Blue Bn Reg. Bw S.Casc. Place PC1 6s 
Bw Bw 

Reg. Bn 0.400 0.612 0.217 0.179 0.307 - 0.547 
PCI Bn 
Blue Bn 
Reg. Bw 
S.Casc. Bw 
Place Bw 
PC1 Bs 



Table 5.8. Correlation coefficients between glacier mass balance models. 

P" -""--.-- 
Regional Bn 0.231 0.269 0.227 
PC1 Bn 0.42 1 0.401 0.317 
Blue Glacier Bn 0.297 0.459 0.275 
Sentinel Glacier Bn 0.434 0.401 0.285 
Regional Bw 0.424 0.365 0.282 
South Cascade Glacier Bw 0.384 0.358 0.266 
Place Glacier Bw 0.275 0.469 0.278 
PC1 Bs - 0.406 0.401 0.285 

PP 

1 (Moore and Demuth, 2001) * (Tangborn, 1980) 
All correlations are significant at p 5 0.05. 



Table 5.9. Moraine-building episodes in the Mt. Waddington area and possible 
equivalent periods of positive net mass balance determined from a 10-year 
moving average. The bracketed numbers correspond to the estimated time 
between the first year of positive mass balance (based on a 10-year moving 
average) and moraine stabilization (based on lichenometric and tree-ring dated 
moraines). Question marks indicate unlikely equivalent positive mass balance 
episode because of the short estimated time. 

Above 
Moraine- Equivalent periods of positive net glacier mass balance Cooler than average Cool and 
building (this study) average April I wet2 

episodes' "u - . .... m u  .... ..w...,-.-.u "..- . temperature2 snowpack2 ... 
Waddington Regional PC1 Blue Glacier Waddington Waddington Waddington 

area area area area 
,-wG,-,."\\ \*-. A -*\- *m\\\.%--mw .... ~ - ~ ~ . - ~ - ~ - ~ ~ A ~ w - - . ~ ~ - - < ~ ~ ~ ~ , . - ~ m ~ >  * ,-6\\w\-*-"*&w,we.* *,-*- 

1506-1 524 NIA 1475-1487 ( I  9-31 ) NIA NIA NIA NIA 
151 9-1 520 (0)? 

1562-1 575 NIA No equivalent NIA NIA NIA NIA 
1657-1 660 NIA No equivalent N/A NIA NIA NIA 
1767-1784 1749-1 753 (1 8-35) No equivalent 1743-1 775 (24-41) 1742-1 765 1742-1792 1742-1 765 
1821-1837 1827-1832 (6-1 1) 1819-1828 (2-9) 1814-1822 (7-23) 181 1-1823 1813-1839 1813-1823 
1871-1 900 No equivalent 1872-1 875 (0-28) 1852-1876 (1 9-48) 1867-1 904 1848-1 902 1848-1 851, 

1882-1 905 (0-1 8)? 1867-1 902 
191 5-1928 No equivalent No equivalent 1882-1 905 (33-46) 1867-1 904 1848-1 902 1867-1 902, 

1916-1917 (0-12)? 1914-1926 1926 
1921-1925 (0-7) ? 

1942-1 946 No equivalent No equivalent 191 6-191 7 (26-30) 1914-1 926 No 1926 
1921-1 925 (21-25) 1934-1938 equivalent 

1 

2 
As determined in Chapter 3. 
As determined in Chapter 4. 

NIA: Not covered by the model. 
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Figure 5.1. Location of study site and glacier mass balance measurement sites 
used in my.analyses. 
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Figure 5.2. Cumulated historical glacier mass balance from Alaska (Gulkana, 
Wolverine, Lemon Creek), southwestern British Columbia (Tiedemann, Bench, 
Helm, Place, Sentinel), and Washington State (Blue, South Cascade). The 
regional rate of retreat is an average derived from historical air photographs. 
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Figure 5.3. Reconstructed net glacier mass balance (Bn) from a regional series, 
scores of the PCI, and Blue Glacier. The thick lines represent a 10-year moving 
average. The dotted lines correspond to a value of 0, above which net mass 
balance is positive. 
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Figure 5.4. Reconstructed winter glacier mass balance (Bw) from a regional 
series, South Cascade, and Place glaciers. The thick lines represent a 10-year 
moving average. The dotted lines correspond to the series mean value. 
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Figure 5.7. Wavelet power spectrum showing the significant modes of variability 
in the reconstructed net and winter mass balance (SSS 1 0.80). The wavelet 
power spectrum uses a Morlet wavelet function. The left axis corresponds to the 
Fourier period (in years). The contour levels represent 75, 50, 25, and 5% of the 
wavelet power. The thick contours indicate significant modes of variance at 95% 
confidence using red-noise (AR lag-I) background spectrum. The crosshatched 
region corresponds to the cone of influence, where zero-padding has reduced 
the variance. 
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6.0 Conclusion 

The intention of this dissertation was to develop models of LIA glacial 

activity and to investigate the related climatic factors influencing glacier mass 

changes within the Mt. Waddington area, southern British Columbia Coast 

Mountains. The research program involved four different parts: I) the 

development of a lichen growth curve applicable to the Mt. Waddington area, 2) 

the establishment of a chronology of ice front positions covering the LIA, 3) the 

reconstruction of temperature and snowpack for the past 300 years using 

dendroclimatologic relationships, and 4) the development of glacier mass 

balance models derived from tree-ring width measurements and applicable to the 

LIA glacial episode. The major findings and contributions of the research 

program are summarized below. 

6.1 Major research findings 

6.1.1 Development of a lichen growth curve for the Mt. Waddington area 

Dendroglaciological and lichenometric research techniques were used to 

build a history of LIA glacier activity in the Mt. Waddington area. Critical to this 

research was the development of a regionally calibrated lichen growth curve that 

would provide minimum stabilization dates for the treeless moraines that 

characterize most LIA forefields in the Mt. Waddington area. In this instance, the 

Bella CoolaIMonarch lcefield lichen growth curve developed by Smith and 

Desloges (2000) was calibrated using six new control measurements, which 

extended the curve to 680-year old surfaces. Control sites were dated using 
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radiocarbon dating, tree-ring dated moraines, and ice front positions estimated 

using air photographs. A logarithmic function best described the first hundred 

years of lichen growth. Thereafter, a linear function was used to characterize the 

relationship between surface age and lichen diameter. An error envelope based 

on 95% confidence intervals suggests that the relative errors assigned to 

younger surfaces (e.g., 25-year old surfaces) are relatively minor (5-6 years), but 

possibly reach +42-44 years on 300-year old surfaces, and -31 to +77 years for 

surfaces dated at 650 years.   he newly calibrated curve was verified at 

Tiedemann Glacier, where studies by previous researchers provided 

independent dating control. An extensive application of the lichen growth curve to 

14 glaciers in the Mt. Waddington area suggests that lichens have a relatively 

consistent rate of radial growth throughout the region based on the recognition of 

periods of extended ice front positions. This finding suggests that the growth 

curve may be broadly applicable to studies in the southern Coast Mountains of 

British Columbia. 

6.1.2 LIA glacial history 

The lichen growth curve was used in combination with dendroglaciological 

techniques to assign relative dates to lateral and end moraines found at 14 

glaciers in the Mt. Waddington area. Local LIA chronologies were established 

and minimum dates for moraine-building events were estimated. Replication of 

LIA glacial advances between sites is at the basis of a regional synthesis that 

attempts to represent a shared response to external climatic forcing. Enhanced 
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regional glacial activity was dated as early as AD 620, and minimum dates for 

glacial retreat occurred at AD 925-933, 1203-1 226, 1260-1 275, 1344-1 362, 

1443-1458, 1506-1524, 1562-1575, 1597-1621, 1657-1660, 1767-1784, 1821- 

1837, 1871 -1 900, 191 5-1 928, and 1942-1 946. Most of the episodes are well 

represented in other regional LIA chronologies from Alaska and the Pacific 

Northwest. However, possible individualistic behavior was encountered, which a 

preliminary analysis associated with local factors such as glacier size and aspect 

or to dating errors. 

6.1.3 Temperature and spring snowpack reconstruction 

Fifteen tree-ring width chronologies were sampled from different tree 

species: Pinus albicaulis Engelmann (whitebark pine), Abies lasiocarpa [Hooker] 

Nuttall (subalpine fir), Tsuga mettensiana (Bongard) Carriere (mountain 

hemlock), Pseudotsuga menziesii (Mirbel) Franco (Douglas-fir), and 

Chamaecyparis nootkatensis (D. Don in Lambert) Spach (yellow-cedar). 

Standardized dendrochronological techniques (Fritts, 1976) were applied to the 

series and regional master chronologies were constructed. Dendroclimatological 

analyses indicate that each species retained a distinct climate signal, that all five 

species expressed sensitivity to the same set of climate parameters. 

Some of the main relationships affecting tree growth and climate of high- 

elevation sites of the Mt. Waddington area are the following: 1) a negative 

correlation with summer temperature of the previous growth year, 2) a positive 

relationship with November temperature of the previous growth year, 3) a 
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positive relationship with summer temperature of the current growth year, mostly 

during July, and 4) a negative correlation with April I snowpack. It was shown 

that subalpine fir and mountain hemlock offered the strongest relationships with 

climate, whereas it was difficult to clearly elucidate the influence of climate on the 

radial growth of whitebark pine. 

The climate-radial growth relationships were validated and models of 

temperature (January, July, summer) and snowpack (April I )  were developed 

back to the 17th century. Collectively, these proxy indices suggest that the Mt. 

Waddington area was characterized by cool-wet conditions from 1701 -1 708, 

1716-1727, 1735, 1742-1765, 1787-1792, 1813-1823, 1848-1851, 1867-1902, 

1926, and 1973-1 994. The main modes of variability in the tree-ring series and 

the proxy climate models were found in frequencies lower than eight years, ca. 

20-23 years, and of century-scale (ca. 120 years). They are associated to 

oscillations in the state of the Pacific Ocean, corresponding to the El NiAo 

Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and century- 

long solar forcing. 

6.1.4 Glacier mass balance reconstruction 

During the second half of the 20th century, most glaciers in the Mt. 

Waddington area retreated at rates ranging from 0 to 64.6 mlyr. Using historical 

glacier mass balance measurements from glaciers in southern British Columbia 

Coast Mountains and Washington state in concert with tree-ring width 

chronologies from the Mt. Waddington area, it was shown that an inverse 
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relationship to climate exists between tree growth and glacier mass balance. 

Warm summer air temperatures enhance radial growth but lead to accelerated 

glacier ablation and negative summer balance conditions. Cold winters and deep 

seasonal snowpack have a negative impact on tree growth but positively 

enhance winter balance conditions. Consequently, tree-ring width series were 

used to develop a regression function explaining local and regional glacier mass 

balance variation for the past centuries. 

Seven tree ring-based models of reconstructed glacier mass balance were 

presented in this study, in which between 27 and 82% of the variance in glacier 

mass balance could be explained by variation in tree ring width. Three annual 

glacier mass balance models were developed from the regional series, PC1 

scores, and Blue Glacier. The regional series, South Cascade and Place glaciers 

led to the reconstruction of three additional winter mass balance models. 

Summer balance was also reconstructed from the first principal component 

scores. The models of net annual balance for the region (regional dataset) show 

that periods of positive mass balance occurred in the 1750s, 1820s to 1830s, and 

1970s. Some peaks of winter balance correspond to these periods, and the 

curves show a sharp drop in winter mass balance towards the end of the 19th 

century, which is represented in other models by positive periods of net balance. 

For the most part, these periods are statistically and visually correlated with 

glacier mass balance and climate models developed for the Pacific Northwest 

and the southern Canadian Cordillera. As well, a relationship was found with LIA 

moraine-building episodes that occurred in the Mt. Waddington area, where a lag 
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of up to 48 years between the initiation of positive net balance conditions and 

moraine stabilization was revealed. 

6.2 Research contributions 

6.2.1 Lichenometric dating 

The lichen growth curve calibrated for the Mt. Waddington area appears 

fundamental in dating glacial features from medium to high-elevation 

environments. Where trees are unavailable for dendrochronological dating or 

where radiocarbon dating is impractical, lichenometric techniques are often the 

only methods that may be applied to determine surface age. There are now new 

dating opportunities available for various geomorphic processes (e.g., snow 

avalanche activity, lake level fluctuations) occurring in the region. 

Critics of lichenometric dating are numerous and often undermine the 

credibility of studies based on its utilization. I attempted to solve some of the 

issues related to dating errors and the significance of lichen dates. I emphasized 

the importance of a strict assessment of control measurements in building lichen 

growth curves by applying statistical techniques such as normality tests 

combined with identification of possible disturbance to qualify population 

distributions. In this manner, anomalously large lichens, which are inherent to 

any surface colonized by lichens, may be discovered and rejected. Ultimately, 

this is believed to contribute to a more accurate estimate of surface age. Despite 

the difficulties to determine error estimates associated with dating, I determined 

an error envelop by using the 95% confidence intervals that potentially enclose 
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dating irregularities associated with measurement errors and local growth factors. 

The estimation of error intervals enlightens the importance of replication of lichen 

measurements from a single sampling site and from multiple moraine surfaces. 

6.2.2 LIA glacial history 

Except for some radiocarbon dates delimiting the beginning of the LIA 

(Ryder and Thomson, l986), no dated evidence of glacial fluctuations during the 

LIA, especially the late-LIA, was available from the Waddington Range and 

surrounding mountain ranges (Pantheon and Niut ranges, Homathko Icefield). By 

studying 14 glaciers from this region, I provided an extended reconstruction of ice 

terminus fluctuations during the past 1400 years. 

The most important contributions are related to the discovery of glacial 

advances in the 7th and 10th centuries, which correspond to pre-LIA activity 

occurring during the Medieval Period. I determined that the beginning of the LIA 

in the region took place in the early-13th century, preceding any prior evidence of 

glacial advance in the southern Coast Mountains of British Columbia by several 

hundred years. Whereas maximum down valley glacier positions in the Canadian 

Cordillera were recorded towards the end of the 1800s (Luckman, 2000), my 

data suggest that these positions were reached in the 1200s, 1400s, and 1500s 

in the southern Coast Mountains. Integrating the results from many glaciers with 

multiple moraines provided an opportunity to reduce the significance of dating 

errors inherent to lichenometry and dendrochronology. In the Mt. Waddington 
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context, it also allowed the assessment of differential glacial behavior within a 

relatively small region in relationship with non-climatic parameters. 

6.2.3 Temperature and spring snowpack reconstruction 

An extensive network of living tree-ring chronologies was developed from 

several conifer species. In total, 537 radial series (31 5 trees) were compiled into 

15 local master chronologies. Although the dendroclimatological potential of most 

of these species had previously been assessed in coastal British Columbia, this 

study was the first to assess the potential of whitebark pine. I determined that this 

species did not present clear radial growth-climate relationships and was 

therefore not adequate for climate modeling. Temperature and snowpack models 

developed for the Mt. Waddington area provide a new way of assessing climate 

impact on geomorphic and ecological systems within this region, where no such 

models were available before. Especially, by determining periods of cool and wet 

weather, comparative analyses may be applied to glacial activity during the LIA. 

6.2.4 Glacier mass balance reconstruction 

A good relationship was found between tree growth and glacier mass 

balance, which enabled the construction of local and regional models of past 

mass balance changes. This study confirmed that decade-long episodes of 

positive glacier mass balance occurred several times during the LIA. 

Reconstructed mass balance for the past 450 years may be closely related to 

high- and low- frequency climate fluctuations originating from the Pacific Ocean, 
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corresponding to the El Nit30 Southern Oscillation (ENSO), the Pacific Decadal 

Oscillation (PDO), and century-long solar forcing. During the LIA, glaciers were 

probably responding to shifts in ocean-atmosphere conditions along the coast, 

transmitted from the central Pacific Ocean through a series of forcing 

mechanisms affecting storminess and precipitation in the Pacific Northwest. 

These results are of primary importance in assessing the future behavior of 

glacial systems to naturally and anthropogenically-driven climate variability. 

6.3 Research opportunities 

A clear assessment of the climatic significance of glacial fluctuations is 

linked to an accurate estimate of response time of glacial systems to climate 

change. Difficulties arise in linking LIA indicators, in large part related to the delay 

in the response expressed by the different systems under study. Estimates of 

response time between moraine formation and glacier mass balance change 

includes the time taken by the internal glacial system to react to an 

environmental change, the time for the ice terminus to respond and reach its 

maximum extent through complex ice-flow processes, and some time for the 

moraine to stabilize after the glacier begins retreating. Determining the time 

taken for a moraine to stabilize, as well as the climatic and local causes involved, 

after a glacial advance is initiated is fundamental in assessing the climatic 

significance of LIA ice terminus chronologies. Preliminary estimates in the Mt. 

Waddington area suggest that periods of positive mass balance promoted lateral 

and end moraine formation 0 to 48 years later. However, more precise 
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assessments are needed, especially in relation to the climatic patterns causing 

an increase in glacier mass balance. 
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Appendix 1. Details related to increment core sampling and dates estimated on 
end and lateral moraines using dendrochronological techniques. 

Appendix la. Example of tree core extraction from the oldest known tree on a 
lateral moraine to establish a minimum date for moraine formation, Tiedemann 
Glacier, Waddington Range. 



Appendix 1 b. Tree-ring dates obtained from lateral and end moraines from 
fourteen glaciers in the Mt. Waddington area. 

Kill Date Date Date 
site' Location Sample # species2 w ate^ H C F ~  PCF~ (0-yr ecesis) (1 8-yr ecesis) (51 -yr ecesis) 

Outside A1 
Outside A1 

B2 
B2 
B2 
B3 
B3 
B3 
B4 
B4 
B4 



Kill Date Date Date 
site' Location Sample # species2  ate^ H C F ~  P C F ~  (0-yr ecesis) (1 8-yr ecesis) (51 -yr ecesis) 

sf 
sf 
sf 

wbp 
wbo 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
sf 



Kill Date Date Date 
site' Location Sample # species2   ate^ HCF~ P C F ~  (0-yr ecesis) (1 8-yr ecesis) (51 -yr ecesis) 

OG 
OG 
OG 
OG 
OG 
OG 
OG 
OG 
OG 
OG 
OG 
OG 
OG 
OG 
PG 
PG 
PG 

RCG 
RCG 
RCG 
RCG 
RCG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 
RG 



Kill Date Date Date 
site' Location Sample # species2   ate^ HCF~ P C F ~  (0-yr ecesis) (1 8-yr ecesis) (51 -yr ecesis) 

Inside D5 
A2 
A2 
A2 
A2 
A2 

Outside B1 
Outside B1 

B1 
B1 
B2 
B2 
B2 
B2 
B2 
B2 
B2 
83 
B3 
C2 
C2 
C2 
C4 
C4 
C4 
C4 
C5 
C6 
C6 
C6 
C6 
C7 
C7 
C8 
C8 
C9 
C9 
D 1 
D 1 
D8 
D9 

g 
g 
g 

01 1603 
OOC645 
OOC646 
OOC642 
OOC643 
OOC644 

OOC62 1 a 
00C621 b 
OOC623 
OOC622 
00C619b 
00C619a 
00C620b 
OOC624 

00C620a 
OOC626 
OOC625 
OOC627 
OOC628 
OOC631 
OOC630 
006629 
OOC401 
OOC402 
OOC403 
OOC632 
OOC404 
OOC634 
OOC633 
OOC406 
OOC405 
OOC635 
OOC637 
006639 
OOC638 
OOC640 
OOC641 
OOC4lO 
OOC411 
S4M7 
S4M8 

SivaOl -Fa 
SivaO1 -Db 
SivaOl -Ea 

SG 9 SivaOl -Ba sf 1 904 1764 1 746 1713 



Kill Date Date Date 
site' Location Sample # species2   ate^ HCF~ P C F ~  (0-yr ecesis) (1 8-yr ecesis) (51 -yr ecesis) 

SivaO1 -Fb 
SivaOl -Bb 
SivaOl -Ca 
SivaOl -Cb 
SivaOl -Ab 
SivaOl -Aa 
SivaOl -Da 

00A326 
00A327 
00A603 
00A323 
00A329 
OOA325 
00A324 
00A411 
00A412 
00A328 
00A301 
00A304 
00A317 
00A303 
00A305 
00A302 
00A306 
OOA32 1 
OOA4lO 
00A409 
00A901 
00A320 
00A319 
00A602 
00A322 
00A601 
00A318 
00A408 
00A406 
00A405 
00A407 
OOA3l3 
00A315 
00A402 
00A312 
00A311 
00A310 



Kill Date Date Date 
site' Location Sample # species2 tIate3 H C F ~  P C F ~  (0-yr ecesis) (1 8-yr ecesis) (51 -yr ecesis) 

C4 
C4 
C4 
C4 
D2 
D2 
D2 
D2 
D2 
D2 

outside F1 
outside F1 
outside F1 
outside F1 
outside F1 
outside F1 
outside F1 
outside F1 
outside F1 
outside F I  

F2 
F2 
F3 
G 1 
G3 
G3 
G3 
G3 
G3 
G3 
G3 
H I  
A 1 
A 1 
A1 
A 1 
A1 
A 1 
A 1 
A 1 
A 1 
A1 
A3 
A3 

d f 
sf 
sf 
d f 
sf 
d f 

es? 
es? 
es? 
d f 
d f 
d f 
d f 
d f 
d f 
d f 
d f 
d f 
d f 
d f 
sf 
sf 
sf 
d f 
sf 
sf 
sf 
sf 
sf 
sf 
sf 
d f 

wbp 
wbp 
wbp 
sf 

wbp 
sf 
sf 
sf 
sf 

wbp 
wbp 
wbp 

~~ - A3 01 8805 wbp 1984 1966 1 933 



Kill Date Date Date 
site' Location Sample # species2 y ate^ HCF~ PCF' (0-yr ecesis) (1 8-yr ecesis) (51 -yr ecesis) 
WG 62 01 D403 sf 51 2 1866 1848 181 5 
WG 62 01 D404 sf 32 2 1893 1875 1 842 

1 Sites: AS: Astarte Glacier; BG: Byamee Glacier; CG: Cathedral Glacier; EG: Escape Glacier; 
HG: Hope Glacier; LG: Liberty Glacier; NG: Nirvana Glacier; OG: Oval Glacier; PG: Pagoda 
Glacier; RCG: Razor Creek Glacier; RG: Ragnarok Glacier; SG: Siva Glacier; TG: Tiedemann 
Glacier; WG: Whitesaddle Glacier. 
2 Species: df: Douglas-fir; es: Engelmann spruce; sf: subalpine fir; wbp: whitebark pine. 
3 Crossdated fossil wood: a Avalanched, buried log, In situ stump on moraine, In situ stump 
found on an outwash area. 
4 HCF: Height Correcting Factor. 
5 PCF: Pith Correcting Factor. 
In bold: Minimum age for the moraine 



Appendix 2. Details of lichen sampling and lichenometric dating of lateral and 
end moraines. 

Appendix 2a. Example of measurement of Rhizocarpon geographicurn at Oval 
Glacier, Waddington Range, using digital calipers (precision: 20.01 mm). 



Appendix 2b. Lichen dates obtained for lateral and end moraines from 14 
glaciers in the Mt. Waddington area. 

Largest Min. Min. Max. 
site' Location N Mean Std. Normality diameter Age Date AD Interval Interval age Interval 

(mm) Dev. ~es t '  (m m) age date date 
Pass 

Fail 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Fail 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Fail 

Pass 

Pass 

Pass 

NIA 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 



Largest Min. Min. Max. Max. 
Site' Location N Mean Std. Normality diameter Age Date AD Interval Interval age Interval 

(mm) Dev. ~ e s ?  (mm) age date date 

30 25.3 4.9 Pass 31.8 97 1904 -20 1884 25 1929 
Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Fail 

Fail 

Pass 

Fail 

Pass 

Fail 

Pass 

Pass 

N/A 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Fail 

Pass 

Fail 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Pass 



Largest Min. Min. Max, Max. 
Site' Location N Mean Std. Normality diameter Age Date AD Interval Interval age Interval 

(mm) Dev. ~ e s t ~  (mm) age date date 

RG 

RG 

RG 

RG 

RG 

RCG 

RCG 

RCG 

RCG 

RCG 

RCG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

SG 

TG 

TG 

TG 

TG 

TG 

TG 

TG 

TG 

TG 

TG 

TG 

TG 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Pass 

Pass 

Pass 

Fail 

Pass 

Pass 

Fail 

NIA 

Pass 

Pass 

Pass 

NIA 

Pass 

Pass 

Fail 

Pass 

Fail 

NIA 

NIA 

Pass 

Pass 

Fail 

Pass 

Pass 

NIA 



Largest Min. Min. . .  Max. 
Site' Location N Mean Std. Normality diameter Age Date AD Interval Interval lnterv 

(mm) Dev. ~ e s t '  (mm) age date date- 

TG D3 30 44.2 6.7 Pass 58.8 392 1608 -41 1567 51 1659 

1 Sites: AG: Astarte Glacier; BG: Byamee Glacier; CG: Cathedral Glacier; EG: Escape Glacier; 
HG: Hope Glacier; LG: Liberty Glacier; NG: Nirvana Glacier; OG: Oval Glacier; PG: Pagoda 
Glacier; RCG: Razor Creek Glacier; RG: Ragnarok Glacier; SG: Siva Glacier; TG: Tiedemann 
Glacier; WG: Whitesaddle Glacier 
2 Shapiro-Wilk Test, p 5 0.01 
3a Outlier was deleted from the distribution. 



Appendix 3. Astarte Glacier. 

Appendix 3a. Photograph of Astarte Glacier forefield and location of the survey 
transects a and b. 
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Appendix 4. Byamee Glacier. 

Aooe 

a a '  

Appendix 4b. Details of the transect surveyed and moraine dates at Byamee 
Glacier. 



Appendix 5. Siva Glacier. 

Appendix 5a. Photograph of Siva Glacier forefield, indicating the location of the 
transects surveyed and other sampling sites. The white star indicates the 
sampling location of a whitebark pine tree-ring chronology (00C600). 



Tr
an

se
ct

 a
 

Li
ch

en
 D

at
e 

Tr
ee

-R
in

g 
D

at
e 

1 
1 5

29
 (-

37
;+

59
) 

N
IA

 

Le
ge

nd
 

S
ub

al
pi

ne
 fi

r 

7 
W

hi
te

ba
rk

 p
in

e 

A
ld

er
 

M
el

tw
at

er
 st

re
am

 

Tr
an

se
ct

 b
 

Li
ch

en
 D

at
e 

Tr
ee

-R
in

a 
 a

te
 

O
ut

si
de

 I
 

N
IA

 
17

41
 (-

33
;+

18
) 

b A
pp

en
di

x 
5b

. 
D

et
ai

ls
 o

f t
he

 tr
an

se
ct

s 
su
rv
ey
ed
 a

nd
 m

or
ai

ne
 d

at
es

 a
t S

iv
a 

G
la

ci
er

. 



Transect c 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Lichen Date 
NIA 

I226 
1525 (-37;+60) 
1 359 (-31 ;+77) 
1 524 (-37;+60) 
1 657(-42;+46) 
1724 (-45;+39) 
1814 (-48;+30) 
1893 (-23;+26) 

Tree-Rina Date 
NIA 

1817 (-33;+18) 
NIA 

1 843 (-33; + I  8) 
1855 (-33;+18) 
1866 (-33;+18) 
1909 (-33;+18) 
1926 (-33;+18) 
1931 (-33;+18) 

Legend 

. .  .., :?;<::.:<:. Till 

Subalpine fir 

Whitebark pine 

Alder 

Transect d Lichen Date Tree-Rina Date 
1 NIA 1619 (-33;+18) 
2 1600 (-1 0;+52) NIA 
3 161 7 (-41 ;+49) NIA 
4 1830 (-48;+29) NIA 
5 1782 (-47;+33) NIA 
6 1 841 (-40;+28) NIA 
7 1921 (-16;+20) NIA 
8 NIA 1928 (-33;+18) 
9 NIA 1942 (-33;+18) 

d 

Appendix 5b. Continued. 



Appendix 5c. In situ fossil stumps found in front of Siva Glacier and killed at the 
beginning of the 21 st century. 



Appendix 6. Ragnarok Glacier 

Appendix 6a. Photograph of Ragnarok Glacier forefield and location of the 
transects surveyed. The white star indicates the sampling location of a subalpine 
fir tree-ring chronology (01 1400). 
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Transect b Lichen Date Tree-Rina Date 
1400 (-33;+72) NIA 
1340 (-31;+81) NIA 
1 695 (-44;+42) 1 907 (-33;+18) 
1784 (-47;+33) NIA 

Meltwater stream 

Transect c Lichen Date Tree-Ring Date 
1 1344 (-31 ;+77) 1851 (-33;+18) 
2 1616(-41;+50) 1880(-33;+18) 
3 1812 (-48;+31) NIA 
4 1 823 (-48;+29) NIA 
5 1937 (-1 3;+16) NIA 

I Legend 

I ( Subalpine fir 

Whitebark pine 

Transect d Lichen Date Tree-Rina Date 
1 NIA NIA 

Appendix 6b. Continued. 



Appendix 7. Escape Glacier 

Appendix 7a. Photograph of Escape Glacier forefield and location of the 
transects surveyed. 



Transect a Lichen Date 
1 1 146 
2 1 693 (-43;+43) 
3 1932 (-13;+18) 
4 1 960 (-&+I 4) 

Till 

) Subelpine fir 

7 Whitebark pine 

* Alder 

Transect b Lichen Date Tree-Rina Date 
1 1428 (-33;+70) NIA 
2 1562(-39;+56) 1911(-33;+18) 
3 1927 (-15;+19) 1924 (-33;+18) 

Appendix 7b. Details of the transects surveyed and moraine dates at Escape 
Glacier. 



Appendix 8. Whitesaddle Glacier. 

Appendix 8a. Whitesaddle Glacier forefield and location of transects a and b. 





Appendix 8c. In situ stump found at Whitesaddle Glacier and radiocarbon dated 
of AD 1270 (Beta-166885). 



Appendix 9. Liberty Glacier. 

Appendix 9a. Photograph of the glacial forefields of Liberty and Whitesaddle 
glaciers and location of the transects surveyed. The white star indicates the 
sampling location of subalpine fir (01 C400) and whitebark pine (01 C600) 
chronologies. 



Appendix 9b. Detail of transect a surveyed at Liberty Glacier. 
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Appendix 10. Razor Creek Glacier. 

Appendix 1 0a. Photograph of Razor Creek Glacier forefield and location of the 
transects surveyed. 



Transect a Lichen Date 
Legend 

Transect c Lichen Date TreeRina Date 
1 1562 (39y56) NIA 
2 1952 ( 8;+11) NIA 
3 NIA 1946 (83;+18) 

.:,< Till 

.. . .. .- . .. Delta 

) Subalpine fir 

7 Whitebark pine 

Transect b Lichen Date 
I 1 702 (44;+42) 
2 1951 (1OYl3) 

Appendix lob. Details of the transects surveyed and moraine dates at Razor 
Creek Glacier. 



Appendix 11. Hope Glacier. 

Appendix 11 a. Photograph of Hope Glacier forefield and location of the 
transects surveyed. Note that the white star indicates the location of a subalpine 
fir chronology sampled (01 A4OO). 



Lichen Date Tree-Rina Dale 

Meltwater stream 

a a "I 
f randect c Lichen Date Tree-Rina Date 

1 NIA NIA 
2 I S 6  (-32;+73) MA 
3 I691 {43;+43) 1812 
4 1930 (-14;+19) 1912 (-33;+18) C5 
5 1957 1-9;+101 192Q 133:+18) CS A 
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Appendix 11 b. Details o f  the transects surveyed and m o r a i n e  dates at Hope 
Glac ier .  



Appendix 1 lc. Photography of the undated oldest end moraine at Hope Glacier. 



Appendix 1 ld .  Description of the paleosol found at Hope Glacier. The color of 
dry pedogenic sediment samples was assigned using a Munsell soil color chart 
(1 954 edition). Granulometric analyses were undertaken on the sand component 
(0.063 to 2 mm) after roots and organic debris were manually extracted and clay 
silt particles were rejected using a wet sieving method. The percentage of carbon 
lost upon ignition was estimated by burning particles <2 mm for 5 hours at 555". 
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01A AD Horizon A 10 YR 311 54.57 1.56 15.13 
01A AE Horizon B 10 YR 312 73.49 0.45 10.74 
01A AF Horizon C 10 YR Z2 79.84 0.14 7.95 
01A Al Till 5 Y 413 39.73 6.12 1.09 
01A BJ Till 5 Y 413 47.2 5.77 0.48 
01A BK Horizon B 10 YR 314 72.96 0.66 5.63 
01A BL Horizon C 10 YR 313 25.51 6.83 3.02 



Appendix 12. Pagoda Glacier. 

Appendix 12a. Photograph of the end moraines found at Pagoda Glacier. 



Appendix 1 3. Cathedral Glacier. 

Appendix 13a. Photograph of Cathedral Glacier forefield and location of 
transects b and c. 
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Appendix 14. Tiedemann Glacier. 

Appendix 14a. Photograph of Tiedemann Glacier forefield and location of the 
transects surveyed and sampling sites. Note that the white star indicates the 
sampling location of a Douglas-fir living chronology (00A300). 



Appendix 14b. Photograph of the end moraines at Tiedemann Glacier, transects 
a and b. 



Appendix 14c. Photograph of the northern lake transect and measurement site, 
Tiedemann Glacier. 



Legend 

p-j .... -... :. 
. . ..... ... . Till 

Active outwash 

Inactive outwash 

f Subalpine fir 

4 Douglas-fir 

e Alder 

b b ' 
Appendix 14d. Details of the transects surveyed and moraine dates at 
Tiedemann Glacier. 
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Appendix 14d. Continued. 









Appendix 15. Oval Glacier. 

Appendix 15a. Photograph of Oval Glacier forefield and location of the transects 
d and e. 
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Appendix 15b. Details of the transects surveyed and moraine dates at Oval 
Glacier. 
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Appendix 15c. View of Oval (Parallel) Glacier taken during the 1933 expedition, 
W.A. Munday (B.C. Archives, Province of B.C., #I-61522). 



- -  
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Appendix 15d. View of Oval (Parallel) Glacier taken during the 1933 expedition 
by W. A. Munday (B.C. Archives, Province of B.C., #I-61521). The front at that 
time is close to the 1928 ice front position lichen dated in this study. 



Appendix 16. Correlation analysis between tree-ring width and climate variables. 
All correlation coefficients are significant at 95% significance level. 
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Tatlayoko Lake 0.273 
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