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Examination of the relationship between wood properties such as density, cell 

diameters and climate provides the opportunity to develop long-term climate and mass 

balance proxies, and is a key component to understanding when and how wood develops 

through time. This research sought to: create multi-proxy models to represent long-term 

changes in the climate-mass balance relationships at Place Glacier, and to describe 

glaciological changes in Mount Revelstoke and Glacier National Parks, British 

Columbia; use multiple wood properties to develop intra-annual climate records for tree-

ring sites from the southern and northern interior regions of British Columbia; and, use 

climate as an indicator of wood quality by identifying historical climate impacts on wood 

development over time. 

Tree-ring samples from hybrid interior spruce (Picea glauca (Moench) Voss x 

engelmannii (Parry)) and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) were 

collected in north-central British Columbia; interior spruce, Douglas-fir, and subalpine fir 

(Abies lasiocarpa (Hooker) Nuttall) were collected from trees in the Pemberton area of 

British Columbia, and Engelmann spruce (Picea engelmannii Parry ex. Engelmann), 

subalpine fir, and mountain hemlock (Tsuga mertensiana Bongard Carrière) were 

collected from trees located within Glacier and Mt. Revelstoke National Parks. Tree-ring 

chronologies were constructed using standard ring width measurement techniques, 

densitometric methodologies, and using SilviScan technology. Relationships among the 

regional climate, snowpack, mass balance and various wood chronologies were identified 

and used as a basis for reconstructing proxy climate and mass balance data.  

A proxy snowpack record for Tatlayoko Lake was reconstructed using mean 

density and ring width chronologies. Maximum density and ring width chronologies were 

used to reconstruct winter and summer mass balance records for Place Glacier. Place 

Glacier was found to respond negatively to continental summer temperature regimes and 

positively to winter coastal precipitation events.  

A proxy record of maximum summer temperature was reconstructed for 

Revelstoke using maximum density and ring width chronologies; while maximum cell-

wall thickness was used to reconstruct total August precipitation, and February snowpack 

from Golden was reconstructed from subalpine fir and mountain hemlock ring-width 

chronologies. Mass balance for glaciers in the Columbia Mountains was reconstructed 

using a combination of ring width, maximum density and maximum cell-wall thickness 

chronologies. The proxy mass balance reconstruction shows a general decline in ice mass 

over the time span of the net balance reconstruction.   
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Two intra-annual proxy climate records were created for northern British 

Columbia. Mean June and mean July-August temperature chronologies were 

reconstructed for Smithers using ring width and maximum density, and for Fort St. James 

total May-June and July-August precipitation records were reconstructed using ring 

width, minimum density, and maximum cell-wall thickness.   

Wood parameters, including density, cell-wall thickness, microfibril angle, and 

cell diameter in Douglas-fir and interior spruce were reconstructed at five sites across 

British Columbia using temperature and precipitation data from local climate stations.  

Maximum cell-wall thickness was shown to be one of the most robust wood parameters 

to predict using temperature variables.  

 Using a variety of tree-ring characteristics for time series reconstruction provides 

an opportunity to create multivariate models with greater predictive capabilities that 

correspond more closely to observed data sets, thereby allowing dendroclimatologists to 

predict climate data trends more robustly. Because individual wood parameters form at 

different times throughout the growing season in response to distinct seasonal climates, 

multiple proxy models allow for the development of intra-annual proxy climate and 

glaciological records.  
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1  Introduction 

 

1.1 Research Context  

Dendroclimatic research uses tree-ring records to develop an understanding of the 

radial growth response of trees to changing climates (Luckman 2007).  Applications to 

date largely focus on the use of tree ring width and density proxies (Fritts 1976; D’Arrigo 

et al. 1992; Davi et al. 2002; Watson and Luckman 2002). Fritts (1966) modeled the 

relationship between the climatic environment and the production of an annual tree ring.  

His model reflects the cause and effect response of a tree’s photosynthetic reaction to 

climatic stress; from the onset of stress (induced by e.g. low precipitation or high 

temperature), to stomatal closure, reduced net photosynthesis, reduced hormone levels 

and meristematic activity, to the production of smaller, shorter tracheids, which leads to a 

narrow growth ring.  Fritts (1966) described the physiological relationships between tree 

radial growth and climate that is fundamental to a theoretical justification for the 

alternative dendroclimatic proxies explored in this research.  Wood and fibre traits must 

respond to climate over time as ring width does, as wood cells making up the tree ring 

develop and grow in response to environmental conditions, and therefore can provide 

useful proxies for the creation of historical climate records in British Columbia (BC). 

Annual and seasonal climates influence both annual tree-ring growth and glacier 

mass balance (Nicolussi and Patzelt 1996; Watson and Luckman 2004).  Tree ring width 

(RW) data used in mass balance reconstructions provide useful proxy insights into the 

long-term response of glaciers to changing climates (Watson et al. 2008). Examination of 
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the relationship between other wood properties, such as density and cell diameters, and 

climate provide opportunities for developing long-term mass balance proxies (Briffa et al. 

1988; Briffa et al. 1992; D’Arrigo et al. 1992; Wimmer and Grabner 2000).  

The extent to which wood density and fibre properties have been used in 

dendroclimatic and dendroglaciological studies is limited to date, primarily due to the 

lack of technology to measure fibre parameters (Tardif et al. 2001; Koubaa et al. 2002; 

Panyushkina et al. 2003; Koga and Zhang 2004; Jones et al. 2005).  The application of 

direct-scanning x-ray densitometry and SilviScan technology to dendrochronology 

provides opportunities to measure a large sample of tree rings and wood cells for the 

development of climate and glacial mass balance models in this study. This study aimed 

to answer the following questions: 

 How are glaciers in BC changing with changing climates? 

 Do density and fibre characteristics provide better climate and mass balance 

proxies than ring width? 

 Do multiproxy models better reflect historical climate than single proxy models? 

 Is it possible to create an intra-annual record of climate change by using different 

wood-based climate proxies? 

 What can comparing wood development to seasonal climate reveal about intra-

annual scale wood development throughout the growing season in BC? 

1.2 Objectives and Presentation Format: 

To answer the above questions, a number of study objectives were developed: 
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1) To determine how well wood features such as density, and wood anatomy such as 

cell-wall thickness, microfibril angle and radial diameter would serve as climate 

proxies compared to ring width – the traditionally used dendrochronology proxy.   

2) To determine if wood anatomical features could provide data that would serve as 

mass balance proxies for select BC glacier regions. 

3) To determine if intra-annual and/or multi-proxy models can be constructed using 

two or more wood properties to better represent climate and/or mass balance 

through time, than single-variate models. 

4) To determine if climate could be used as a predictor for wood anatomical features, 

thereby lending insight to wood quality of standing timber in select areas of BC.   

Chapters 2, 3, and 4 address the first three objectives of this research at different 

locations and application scales.  Chapter 2 focuses on the southwest region of BC, in the 

vicinity of Place Glacier, while Chapter 3 focuses on southeast BC in the Columbia 

Mountains, and Chapter 4 examines regions in northern BC.  Chapter 5 addresses the last 

goal of the study and includes sampling areas from the north and south of BC’s interior. 

A version of chapter 2 has been published in its entirety as: Wood, L.J., Smith, D.J., and 

Demuth, M.N. 2011. Extending the Place Glacier Mass Balance Record to AD 1585 

Using Tree-Rings and Wood Density. Quaternary Research 76, 305–313. 

 

 



4 

 

 

1.3 References 

 

Briffa, K.R., Jones, P.D. and Schweingruber, F.H. 1988. Summer temperature patterns 

over Europe: a reconstruction from 1750 A.D. based on maximum latewood density 

indices of conifers. Quaternary Research 30, 36-52. 

 

Briffa, K.R., Jones, P.D. and Schweingruber, F.H. 1992. Tree-ring density 

reconstructions of summer temperature patterns across western North America since 

1600.  Journal of Climate 5, 735-754. 

 

D’Arrigo, R.D., Jacoby, G.C., and Free, R.M. 1992. Tree-ring width and maximum 

latewood density at the North American tree line: parameters of climatic change. 

Canadian Journal of Forest Research 22, 1290-1296. 

 

Davi, N.K., D’Arrigo, R.D., Jacoby, J.G., Buckley, B., and Kobayashi, O. 2002. Warm-

season annual to decadal temperature variability for Hokkaido, Japan, inferred from 

maximum latewood density (AD 1557-1990) and ring width (AD 1532-1990). Climatic 

Change 52, 210-217. 

 

Fritts, H.C. 1966. Growth-ring of trees: their correlation with climate. Science 154, 973-

979.  

 

Fritts, H.C. 1976. Tree Rings and Climate. Academic Press, New York. 

 

Jones, P.D., Schimleck, L.R., Peter, G.F., Daniels, R.F. and Clark III, A. 2005. Non-

destructive estimation of Pinus taeda L tracheid morphological characteristics for 

samples from a wide range of sites in Georgia. Wood Science and Technology 39, 529-

545.  

 

Koga, S. and Zhang, S.Y. 2004. Inter-tree and intra-tree variations in ring width and 

wood density components in balsam fir (Abies balsamea). Wood Science and Technology 

38, 149-162. 

 

Koubaa, A., Zhang, T. and Makni, S. 2002. Defining the transition from earlywood to 

latewood in black spruce based on intra-ring wood density profiles from x-ray 

densitometry. Annals of Forest Science 59, 511-518. 

 

Luckman, B.H. 2007. Dendroclimatology. In S. Elias (ed) Encyclopedia of Quaternary 

Science, Elsevier, Vol. 1, 465-475.  

 

Nicolussi, K. and Patzelt, G. 1996. Reconstructing glacier history in Tyrol by means of 

tree-ring investigations.  Zeitschrift für Gletscherkunde und Glazialgeologie 32, 207– 

215.  

 



5 

 

 

Panyushkina, I.P., Hughes, M.K., Vaganov, E.A. and Munro, M.A.R. 2003. Summer 

temperature in northeastern Siberia since 1642 reconstructed from tracheid dimensions 

and cell numbers of Larix cajanderi. Canadian Journal of Forest Research 33, 1905-1914. 

 

Tardif, J., Flannigan, M. and Bergeron,Y. 2001. An analysis of the daily radial activity of 

7 boreal tree species, northwestern Quebec. Environmental Monitoring and Assessment 

67, 141-160. 

 

Watson, E. and Luckman, B.H. 2002. The dendroclimatic signal in Douglas-fir and 

ponderosa pine tree-ring chronologies from the southern Canadian Cordillera.  Canadian 

Journal of Forest Research 32, 1858-1874.  

 

Watson, E. and Luckman, B.H. 2004. Tree-ring-based mass-balance estimates for the 

past 300 years at Peyto Glacier, Alberta, Canada. Quaternary Research 62, 9-18. 

 

Watson, E., Pederson, G.T. Luckman, B.H. and Fagre, D.B. 2008. Glacier mass balance 

in the northern U.S. and Canadian Rockies: paleo-perspectives and 20th century change. 

In Darkening Peaks: Glacier Retreat, Science and Society. B.S. Orlove, E. Wiegandt, E. 

and B.H. Luckman (eds).  University of California Press, Berkeley, California. 141–153. 

 

Wimmer, R. and Grabner, M. 2000.  A comparison of tree-ring features in Picea abies as 

correlated with climate. IAWA Journal 21, 403-416. 



6 

 

 

2 Extending the Place Glacier Mass Balance Record to AD 1585 
Using Tree-Rings and Wood Density1 

 

2.1 Introduction 

Over the last century the majority of glaciers within the southern British 

Columbia (BC) Coast Mountains have receded and downwasted (Koch 2009; Moore et 

al. 2009). Increased temperatures and decreased snowfall in the last two and half decades 

have accelerated glacier melting in this region since ca. 1980 (Schiefer et al. 2007; 

VanLooy and Forster 2008; Arendt et al. 2009; Shea et al. 2009). Direct understanding of 

the response of these glaciers to changing climates is, however, largely limited to mass 

balance investigations initiated in 1965 during the International Hydrological Decade 

(IHD) at Place Glacier (Østem 1966; Mokievsky-Zubok et al. 1985; Demuth et al. 2009).  

 Recognizing that annual and seasonal climates influence both annual tree-ring 

growth and glacier mass balance (Nicolussi and Patzelt 1996; Watson and Luckman 

2004), a preliminary understanding of the long-term glaciological response of Place 

Glacier and nearby glaciers to changing climates was presented by Lewis and Smith 

(2004) and Larocque and Smith (2005a). Lewis and Smith (2004) report that individual 

glaciers within this region experienced sustained intervals of positive mass balance in the 

1690s, the mid-1850s to the mid-1880s, and during the early 1900s to 1920s. In a broader 

regional reconstruction that incorporated  the mass balance records from Blue, South 

Cascade and Place glaciers, Larocque and Smith (2005a) report that glaciers in the central 

                                                 
1
A version of this chapter has been published in its entirety as: Wood, L.J., Smith, D.J., and Demuth, M.N. 

2011. Extending the Place Glacier Mass Balance Record to AD 1585 Using Tree-Rings and Wood Density. 
Quaternary Research 76, 305–313. 
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Coast Mountains experienced periods of positive mass balance in the 1750s, 1820s to 

1830s and 1970s.  

The tree-ring width (RW) data used in these and other mass balance 

reconstructions provide useful proxy insights into the long-term glaciological response of 

glaciers to changing climates (Watson et al. 2008). Limitations inherent to deciphering 

the annual climate response of tree-ring widths, due to variables such as lag effects, 

restrict the precision of RW-derived proxy records (Fritts 1976). In most applications RW 

measurements provide only a growing season representation of climate data (D’Arrigo et 

al. 1992; Larocque and Smith 2005b). This limitation has encouraged examination of 

other wood parameters to identify better indicators of climate-year environmental change 

(Briffa et al. 1988; Briffa et al. 1992; D’Arrigo et al. 1992; Wimmer and Grabner 2000).   

Wood density chronologies commonly show higher correlations to climatic 

factors than do RW chronologies (Polge 1970; Parker 1976; Conkey 1986; 

Schweingruber 1990; D’Arrigo et al. 1992; Wimmer and Grabner 2000; Davi et al. 

2002). Maximum ring density (MXD) characteristically displays more variability in time 

than RW (Davi et al. 2002) and is known to provide significantly better proxy records of 

growing season conditions (Polge 1970; D’Arrigo et al. 1992). These strong density–

climate correlations are attributed to a greater similarity between changes in amplitude of 

wood density and climate from year to year, than with RW and climate. Given the 

demonstrated glaciological connection between climate and mass balance, it is reasonable 

to assume that changes in density also provide a useful proxy for mass balance changes. 

Although researchers have previously employed densitometric relationships to 

develop robust proxy climatic records in the western Canadian cordillera (Schweingruber 
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et al. 1991; Schweingruber et al. 1993; Luckman et al. 1997; Briffa et al. 2002), only 

preliminary investigations of their potential application to mass balance reconstruction 

have been explored. At Peyto Glacier in Banff National Park, Alberta, Watson and 

Luckman (2004) constructed a proxy mass balance record developed from existing 

temperature and precipitation records that included a multivariate reconstruction 

incorporating both RW and MXD variables (Luckman et al. 1997). In their 

reconstruction, climate-derived models of winter and summer balance were combined 

into a predictive model of net balance, with a small portion of the mass balance 

reconstruction based on wood density data (Watson and Luckman 2004). 

To obtain firm conclusions regarding the benefits and drawbacks to using density 

data to derive proxy mass balance records, research needed to be carried out to 

differentiate the climate response variations reported by previous researchers (i.e. 

Luckman et al. 1997). This study sought to use the climate-driven radial growth response 

of selectively sampled tree species to represent the long-term glaciological response of 

Place Glacier to changing climates. Specifically, I focus on reconstructing net mass 

balance (Bn), winter (Bw), and summer (Bs) records by exploiting the links between 

densitometric properties and seasonal climate variables.  

2.2 Study Location 

 Place Glacier is located at the western extent of the Cayoosh Range in the 

southern Coast Mountains (Lat 50º25’16.90”N, Long 122º36’05.6”W; Figure 2.1). 

Facing northwest and positioned at between 2600 and 1800 m asl, Place Glacier is a 

cirque glacier characteristic of those found in this region (Østrem 1966). The glacier is 

divided into two sections; an upper section that is relatively small in area and a lower 
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section that is considerably larger. Munro and Marosz-Wantuch (2009) estimate that the 

accumulation zone accounts for approximately one third of the total glacial area. The 

accumulation zone faces eastward in a westerly wind regime, and thus is an ideal 

situation for seasonal snow capture and thick ice accumulation (Østrem 1973).  It is 

believed that this relatively deep accumulation zone ice compensates for the relatively 

small accumulation area; however, no ice thickness data exist to test this assertion 

(Munro, personal communication, 2010). 
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Figure 2.1: Location of Place Glacier, climate stations in close proximity, and 

location of sampling sites.

 

Historical mass balance records show that Place Glacier is sensitive to seasonal 

climate variations and regime-scale shifts of regional climate forcing mechanisms 

(Mokievsky-Zubok and Stanley 1976; Bitz and Battisti 1999; Shea et al. 2009). The 

glacier is influenced by both coastal and continental climate systems, including seasonal 

impacts associated with generally warm summer temperatures and significant winter 
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snowfall totals (Moore and Demuth 2001). Changes in these climate regimes overtime 

have led to an ice volume decrease of over 20% since 1980 (Demuth et al. 2009). 

Place Glacier was selected for this investigation because of its relatively long 

historical mass balance record (37 years), and because of the existence of a previous mass 

balance reconstruction to which density-derived results could be compared. Moore and 

Demuth (2001) used existing mass balance records and climate models to reconstruct the 

mass balance history for Place Glacier to 1890. They report that significant firn depletion 

occurred prior to 1965, resulting in a large reduction in ice area and decreased meltwater 

production in the following decades.   

Munro and Marosz-Wantuch (2009) indicate that the small size and shape of Place 

Glacier increases its susceptibility to changes in regional air flow patterns. The small 

upper glacier area and larger lower region with two tongues leaves it vulnerable to 

experiencing more topographically-controlled air flow as opposed to other glaciers, 

which develop stronger glacial winds.  

Causal links between climate and Place Glacier mass balance have previously been 

investigated with reference to the Pacific Decadal Oscillation (PDO), the Southern 

Oscillation Index (SOI), the Cold Tongue Index (CT), and the Pacific North American 

index (PNA). Bitz and Battisti (1999) and Moore and Demuth (2001) show that 

significant relationships exist between the historical mass balance behaviour of Place 

Glacier, these circulation indices, and decadal fluctuations in temperature and 

precipitation. Moore and Demuth (2001) demonstrate: a negative net mass balance (Bn) 

phase from 1922-47, which corresponds to a positive PDO phase; and two more positive 

Bn phases prior to 1922 and after 1947 that are more closely related to negative phases of 
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the PDO. Bitz and Battisti (1999) concluded that the PDO was highly correlated to the 

mass balance fluctuations of Southern BC glaciers including Place Glacier.  No 

significant relationship was observed between the decadal-scale El Nino Southern 

Oscillation (ENSO), or the CT, and Place Glacier mass balance regimes (Bitz and 

Battisti, 1999). In contrast, Moore and Demuth (2001) found that the SOI, an index 

showing inter-annual ENSO variability, was significantly correlated to Bn.  It is possible 

that glacier mass balance may respond to regional scale variations in the PNA which are 

moderated by other circulation indices such as the PDO and ENSO.   

2.3 Methods 

Tree-ring samples were collected for standard dendrochronological and 

densitometric analysis. These samples were used to develop tree-ring chronologies for 

comparison to climate station records and to construct proxy mass balance indices. 

2.3.1 Climate Data 

Climate data were obtained from the Adjusted Historical Canadian Climate Data 

website (http://www.cccma.ec.gc.ca/hccd/) and from Climate BC 

(http://genetics.forestry.ubc.ca/cfgc/ClimateBC/). Station data were obtained for the 

Tatlayoko Lake (Lat 51.67˚N, Long 124.4˚ W, 870 m asl) and Agassiz climate stations 

(Lat 49.25˚N, Long 121.77˚W, 15 m asl) (Figure 2.1), 187 and 142 km respectively from 

Place Glacier. Climate data from the Tatlayoko Lake station provide a regionally 

consistent glaciological signal (Larocque and Smith 2005a) and data from the Agassiz 

station were previously correlated to glacier climates at Place Glacier by Moore and 

Demuth (2001).  

http://www.cccma.ec.gc.ca/hccd/
http://genetics.forestry.ubc.ca/cfgc/ClimateBC/
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 Climate BC provides site-specific climate predictions based on existing station 

data and global circulation model regional predictions from 1900 to 2002 (see 

http://genetics.forestry.ubc.ca/cfgc/climate-models.html). Monthly temperature and 

precipitation climate records for Place Glacier were obtained based on the glacier’s 

geographical coordinates and elevation. 

Snowpack records were obtained from Tatlayoko Lake, the snow survey station 

located closest to Place Glacier (Figure 2.1). The winter snowpack data (October through 

March) extend from 1948 to 1982, and illustrate substantial decadal variability. Deep 

seasonal snow packs characterize the mid-1950s and mid-1970s, highest snowpack levels 

occurring in 1956 (230 cm) and 1974 (244 cm). Lower than normal snowpacks occurred 

in the early 1960s, late 1970s, and early 1980s, the lowest occurring in 1981 (9 cm) and 

1960 (11 cm). A slight decrease in total winter snowpack can be observed over the period 

of record. 

Place Glacier mass balance data were obtained from Dyurgerov (2002, 2005) and 

from records held by the Glaciology Section, Geological Survey of Canada (see Demuth 

et al. 2009). The mass balance record extends over 44 years (1965-2009) and exhibits a 

trend of mostly negative Bn until 1996, when years of positive Bn highlight changing 

glaciological conditions. The impact of the 1976/77 PDO regime shift on winter 

precipitation and Bn, which lead to higher-than-average snow and ice accumulation, is 

well-represented in the record (Moore and Demuth 2001; Demuth et al. 2008). 

2.3.2 Tree-Ring Data 

High elevation forests containing old growth stands were selected for sampling to 

ensure that climate was a limiting factor (Fritts 1976). Well-drained, nutrient rich sites 

http://genetics.forestry.ubc.ca/cfgc/climate-models.html
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with open canopy structures were targeted to avoid signal noise caused by site conditions 

or inter-tree competition. Trees were sampled at two sites during the summer of 2007 

(Table 2.1). Targeted species included Douglas-fir (Pseudotsuga menziesii (Mirb.) 

Franco) collected from Owl Creek and Engelmann spruce (Picea engelmannii Parry ex. 

Engelmann) collected from Joffre Lakes (Table 2.1, Figure 2.1). 

The Owl Creek site is located 11 km west of Place Glacier, and consisted of a 

mixed-age stand located on a well-drained south-facing slope at 993 m asl. Old growth 

stems of Douglas-fir and western redcedar (Thuja plicata Donn ex. D. Don in Lambert) 

were found scattered among a younger cohort of Douglas-fir and western hemlock 

(Tsuga heterophylla (Rafinesque) Sargent). Sample trees were selected distant from the 

edge of a recent cutblock. The Joffre Lakes site was located 11.2 km south-east of Place 

Glacier at 1516 m asl. This west-facing mid-slope stand was dominated by large-diameter 

Engelmann spruce, with a minor component of mature subalpine fir (Abies lasiocarpa 

(Hooker) Nuttall), mountain hemlock (Tsuga mertensiana Bongard Carrière), and 

western hemlock trees.   



15 

 

 

Table 2.1: Summary of the Place Glacier sampling site collection information, individual chronology characteristics, and reconstruction 

verification statistics. Chronology lengths are reported to Expressed Population Signal (EPS) cut-off of >0.80. RE (Reduction of 

error) values help to validate the model.  RW = Ring width, MD = Mean ring density, MXD = Maximum ring density.  

* = p < 0.05. 

 

Chronology 
Type 

Species Site Name Latitude N Longitude W 
Number 
of cores 
(trees) 

Reconstruction 
RE Value 

(calibration 
period) 

RE Value 
(verification 

period) 

RW 
Engelmann 

Spruce 

Joffre 

Lakes 
50º 21’ 02” 122º 28’ 45” 24 (18) 

Bw, Bs, and 
calculated Bn 

Bw = 0.497*               
Bs = -0.211 

Bw = 0.439*               
Bs = 0.411* 

MXD 
Engelmann 

Spruce 

Joffre 

Lakes 
50º 21’ 02” 122º 28’ 45” 18 (14) 

Bw and 
calculated Bn 

Bn = -0.312 Bn = 0.289* 

MD 
Engelmann 

Spruce 

Joffre 

Lakes 
50º 21’ 02” 122º 28’ 45” 16 (14) 

Total winter 
snowpack (TL) 

0.144 0.458* 

RW Douglas-fir Owl Creek 50º 23’ 12" 122º 46’ 51” 16 (15) 
Total winter 

snowpack (TL) 
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Samples were collected at breast height (1.4 m) from individual trees using 5 and 

12 mm increment borers. Two 5 mm cores were collected from opposite sides of the tree 

stem, and a single 12 mm core was collected beneath one 5 mm core position.  

The 5 mm cores were allowed to air dry and then glued to a grooved mounting 

board (Stokes and Smiley 1968).  The cores were sanded to a fine polish until the annual 

ring boundaries were clearly visible. Digital images were created by scanning the cores 

with a high resolution Epson XL1000 flatbed scanner. The width of each annual ring was 

measured to 0.001 mm using Windendro® digital measurement software (Version 2006). 

Annual rings that were exceptionally narrow or unclear were measured to 0.001 mm 

using a Velmex® tree-ring measurement system equipped with a trinocular boom-

mounted microscope and CCD video display. 

Following air drying each 12 mm core was prepared for densitometric analysis by 

gluing it flush to the surface of a 2.5 cm-wide fibreboard block. Once dry, a 2 mm thick 

wood lath was cut (pith to bark) with a Waltech high precision twin-bladed saw to reveal 

the radial surface of the core (Haygreen and Bowyer 1996). 

Wood resins add to the structural mass of tree rings and must be removed 

chemically prior to wood density measurement (Lenz et al. 1976; Schweingruber et al. 

1978; Grabner et al. 2005). In this instance the resins were extracted from the laths using 

an acetone Soxhlet apparatus (Jensen 2007). Following this, each sample was x-rayed 

using the University of Victoria Tree-Ring Laboratory ITRAX scanning densitometer. 

The samples were oriented perpendicular to the x-ray beam, allowing for exact 

measurement of light attenuation by a laser scanner. Measurements were made at 0.05 

mm increments for 20 µs, with the densitometer maintained at 30 kV and 55 ma. The 
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digital x-ray images were analyzed using ITRAX Windendro® version (2008) to provide 

maximum density (MXD) and mean density (MD) measurements. 

The RW, MXD and MD series were cross-dated by identifying characteristic 

annual ring patterns. The series cross-dating was verified using COFECHA (Holmes 

1983) and annually resolved chronologies were produced. The resultant time-series were 

transformed to ARSTAN master chronologies to eliminate non-climatic variation (Cook 

and Holmes 1986). A negative exponential curve was applied to series showing age-

related radial growth trends (Fritts 1976). Following this, a smoothing spline was applied 

to the RW chronologies, with a frequency-response cut-off set to 67% to remove non-

climate impacts (Cook and Kairiukstis 1990). As previous research has shown growth 

trends due to factors such as inter-tree competition are not pronounced in densitometric 

tree-ring chronologies (Conkey 1986), only a first-order detrending was completed with 

negative exponential or straight line fits. To eliminate autocorrelation issues, only the 

pre-whitened residual ARSTAN chronologies were used.  

The standardized and detrended master chronologies were compared to the 

Agassiz and ClimateBC data. Initial climate – tree growth relationships were established 

with a response function in PRECON version 5.17B (Fritts, 1999). Using the 

relationships identified, verification of significant correlations was performed using 

simple Pearson’s correlation or partial correlation analyses in SPSS.  

The chronologies were compared to the historical mass balance records collected 

at Place Glacier using Pearson’s correlation. To ensure that the observed correlations 

were not autocorrelation artefacts, a Durbin-Watson statistic was employed. Values of 2.0 
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were considered to have no autocorrelation, and values equal or less than 1.0 deemed 

positively autocorrelated. 

Final proxy reconstructions were developed with simple or multiple linear 

regressions using the climate-tree growth and mass balance-tree growth relationships 

identified through response function and correlation analyses. Where the strongest 

correlations were identified, a regression was carried out and the strongest relationships 

used to construct predictive models. Models were restricted in length to expressed 

population signal (EPS) values of ≥ 0.85 with only one decade of this time permitted to 

drop to an EPS value of ≥ 0.80 (Wigley et al. 1984). The models were verified using 

split-period verification, with the most recent 50% of the observed record set as the 

calibration period. Split-verification models are widely used in tree-ring studies as a basis 

for developing proxy records (Fritts 1976; Blasing et al. 1981; Gordon 1982; Luckman et 

al. 1997). While split-verification models consistently underestimate extreme events 

(Youngblut and Luckman 2008), the greater accuracy of climate measurements in recent 

decades provides robust data for calibration (Flower and Smith 2011).   

Reconstructed models of climate and mass balance variables were compared to 

climate circulation indices, including the SOI, CT, PDO, and PNA. Annual values for 

these indices were obtained at: SOI: www.cru.uea.ac.uk/cru/data/soi.htm; CT: 

http://jisao.washington.edu/data/cti/ ;  

PDO: ftp.atmos.washington.edu/mantua/pnw_impacts/INDICES/PDO.latest; and, PNA: 

http://jisao.washington.edu/data/pna/ 

 

http://www.cru.uea.ac.uk/cru/data/soi.htm
http://jisao.washington.edu/data/cti/
ftp://ftp.atmos.washington.edu/mantua/pnw_impacts/INDICES/PDO.latest
http://jisao.washington.edu/data/pna/
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2.4 Observations   

2.4.1 Ring width Chronologies 

Two RW chronologies were created (Table 2.1). Cross dating of 16 Douglas-fir 

(Fd) series from the Owl Creek site resulted in a master chronology extending from 1672 

to 2006. The residual EPS cut-off point was 1780, yielding a RW record of 226 years 

with an interseries correlation of 0.555 and mean sensitivity of 0.216. 

The Joffre Lakes Englemann spruce (Se) master chronology extends from 1504 to 

2006. The chronology has a residual EPS cut-off at 1560 and yields a record that is 446 

years long. The 24 series included in the chronology have an interseries correlation of 

0.537 and a mean sensitivity of 0.190. 

2.4.2 Density Chronologies 

MXD and MD chronologies were developed for 18 Engelmann spruce sampled at 

Joffre Lakes. Extending from 1503 to 2006 with an EPS cut-off point at 1585, the MXD 

chronology has an interseries correlation of 0.507 and a sensitivity of 0.057. Sixteen 

series were cross-dated to form a master MD chronology extending from 1503 to 2007. 

Similar to the MXD chronology, the MD chronology had a residual EPS cut-off of at 

1585, yielding a 422 year record.   

2.4.3 Reconstructions 

Linear regression analyses were completed on the residual and standardized 

ARSTAN chronologies with SPSS to obtain reconstructed values. The ring width and 

density parameters were selected as independent variables, and the specific climate/mass 

balance data as the dependent variable. Se RW was used for reconstruction of Bs, Se RW 
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and Se MXD were used for reconstruction of Bw, and Se MD and Fd RW chronologies 

were used to reconstruct a Tatlayoko Lake winter snowpack record.  

The multivariate regression models showed multicollinearity; however, long-term 

trends were maintained even with inflated standard errors, so the models were deemed 

acceptable (see Figure 2.2, Table 2.2). Transforming variables by data centering to reduce 

multicollinearity was considered, but was deemed inappropriate due to the ineffectual 

impact on actual data – only the statistical appearance of the model would have been 

improved (Brambor et al. 2006). Regression analysis was performed on untransformed 

data, and the autocorrelation checked to ensure model reliability (Table 2.2). 

Standardized reconstructed values were saved and tested against the observed values of 

the climate or mass balance variable to verify the reconstruction using DPL version 

2.11P.   
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Table 2.2: Regression model statistics for Place Glacier summer and winter balance 

reconstructions, and for Tatlayoko Lake predicted total winter snowpack. 

 

  
Place Glacier 
Predicted Bs 

Place Glacier 
Predicted Bw 

Tatkayoko Lake 
Predicted 

Winter 
Snowpack 

r 0.373 0.597 0.564 

r2 0.139 0.357 0.318 

adj r2 0.094 0.286 0.276 

DW 1.253 1.56 1.682 

sig (p) 0.096 0.019 0.002 

Beta Var 1 -0.373  -0.389 (mxd)  -0.396 (md) 

Beta Var 2 na  -0.393 (rw)  -0.356 (rw) 

t sig. Var 1 -0.096 0.057 (mxd) 0.011 (md) 

t sig. Var 2 na 0.055 (rw) 0.021 (rw) 

Tolerance na 0.972 0.985 

VIF na 1.028 1.016 

Eigenvalue 1 na 2.989 2.981 

Eigenvalue 2 na 0.01 0.017 

Eigenvalue 3 na 0.001 0.002 

Condition 
Index 1 na 1 1 

Condition 
Index 2 na 17.288 13.279 

Condition 
Index 3 na 50.239 41.912 

max std. 
residual 1.658 1.523 2.102 

max leverage 0.257 0.54 0.304 
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2.4.4 Climate Station Analysis 

Moore and Demuth (2001) report that the Agassiz station data has strong climate 

– mass balance correlations to Place Glacier. To test whether the site-specific climate 

data generated by ClimateBC was likely to share the same relationship, the modelled 

monthly temperature and precipitation climate records were compared to the Agassiz 

station data. Correlation analyses showed that mean summer and winter temperature 

values from the two data sets were significantly correlated (r = 0.841, p < 0.01; and r = 

0.905, p < 0.01, respectively). Only a moderate correlation (r = 0.490, p < 0.01) was 

detected between the annual precipitation totals recorded at Agassiz (1736 mm, SD 302 

mm) and modeled at Place Glacier by ClimateBC (1540 mm, SD 236 mm).    

Based on these findings, it was assumed the temperature data generated by 

ClimateBC (1900 to 2002) realistically represented conditions and trends at the glacier. 

ClimateBC indicates that mean summer temperatures (June-August) at Place Glacier 

range from 8.1 °C to 12.3 °C; whereas winter temperatures (December-February) range 

from -13.8 °C to -3.6 °C.  A weaker correlation to precipitation data recorded at Agassiz 

suggests that annual trends at the glacier may not follow those recorded at that station.   

2.5 Results 

2.5.1 Place Glacier ClimateBC Record 

Climate conditions at Place Glacier have changed over the last century (Figure 

2.2). The ClimateBC record suggests mean annual temperatures have warmed by 1 ºC, 

with corresponding increases in both mean summer (~0.6 ºC) and winter (~1 ºC) 

temperatures. Warmer than average temperatures characterized the early 1940s and from 
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1985 to present. Cooler than average temperatures occurred from 1908 to 1923, in the 

late 1940s, in the mid-1950s, and the mid-1970s.   

Climate BC indicates that annual precipitation totals at Place Glacier have ranged 

from 1091 (1985) to 2143 (1950) mm. Overall precipitation totals show an increase of 

225 mm from 1900 to 2002, with average increases of ~30 mm in spring (March – May) 

and ~20 mm in the summer (June – August) and winter (December – February) months.   
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Figure 2.2: Reconstructed net mass balance for Place Glacier plotted against observed 

Climate BC average temperature for June-July and Tatlayoko Lake winter 

snowpack for the period of the observed temperature record. Bn = net mass 

balance. 
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2.5.2 Snowpack Proxy Record  

Significant relationships were found between the winter snowpack totals 

(October-March) recorded at Tatlayoko Lake and the Se MD and Fd RW chronologies 

(Table 2.3). Deep snowpacks resulted in narrow tree rings in the Fd RW chronology and 

low MD values in the Se chronology. Years with shallow snowpacks resulted in wider 

than normal tree rings in the Fd RW chronology and high MD values in the Se 

chronology. A multivariate model incorporating these relationships, based on Fd RW and 

Se MD, was constructed and explains 32% of the variation in total winter snowpack at 

Tatlayoko Lake (p < 0.01) (Figure 2.3). 
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Figure 2.3: Reconstructed Tatlayoko Lake winter snowpack from a multivariate regression using a mean density chronology of 

Engelmann spruce collected from Joffre Lakes and a ring width chronology of Douglas-fir collected from Owl Creek. 
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Table 2.3: Pearson’s correlation matrix for Place Glacier chronologies, observed total winter snowpack (October through March) at 

Tatlayoko Lake (TL), and observed net (Bn), winter (Bw), and summer balance (Bs) records.  RW = Ring width, MD = Mean ring 

density, MXD = Maximum ring density, Se = Engelmann spruce, Fd =Douglas-fir. * = significant at 90%, ** = significant at 95%, 

and † = significant at 99%. 

 

  Se RW Se MXD Se MD Fd RW Bn Bw Bs 

Se MXD 0.063       

Se MD 0.092 0.594†      

Fd RW 0.165 -0.034 0.027     

Bn -0.28 -0.019 0.007 0.081    

Bw -0.458** -0.455** -0.413 0.153 0.644†   

Bs -0.373* -0.018 -0.068 0.257 0.914† 0.419  

Total winter 
snowpack (TL) 

-0.084 -0.286 -0.440† -.405** 0.047 0.703** 0.128 
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The Se MD and Fd RW chronologies were used to construct a proxy record of Place 

Glacier winter snowpack conditions extending to 1730 (Table 2.1; Figure 2.3).  The 

predicted values correlate significantly to the original dataset (Table 2.4). Split-model 

verification showed a significant RE value for the verification period, but insignificant 

RE value for the calibration period (Table 2.1). 

Significant annual and extended variations in snowpack totals are recorded in the 

277 year proxy record. The record reveals years of notable snowpacks in the mid- and 

late-1700s, 1830s, 1920s and 30s, the 1950s and in the late-1970s. Extended intervals of 

below normal snowpack totals occurred in the 1840s to 1860s, the 1890s to 1910s (Figure 

2.4). 

The proxy snowpack record negatively correlates with Place Glacier winter 

temperatures (Table 2.4), which indicates that over the historical period winters with 

above average snowpack correspond with years when temperatures were cooler. The 

proxy winter snowpack record also negatively correlates with winter PDO (r = -0.359, p 

< 0.01) and PNA (r = -0.481, p < 0.01) (Figure 2.4). It is evident that, although the 

general correlation over the whole period of observed PDO and PNA records is 

negatively correlated with predicted winter snowpack, some variation in the direction of 

correlation exists when the records are examined in detail (Figure 2.4). Prior to 1950, 

winter PDO (averaged values October through March) was positively correlated to the 

proxy winter snowpack record. Similarly, the observed record for winter PNA (October 

through March) reveals a positive correlation for the period prior to ca. 1973. These shifts 

in the relationship between PDO/PNA and snowpack accumulation are presumably 
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associated with phase shifts in the circulation indices such as characterize the cool PDO 

phase from 1947 to 1976. 
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Table 2.4: Pearson’s correlation matrix for winter snowpack records for Tatlayoko Lake (TL), precipitation, temperature, and mass 

balance records for Place Glacier (PG), and winter circulation indices (October – March). PDO – Pacific decadal Oscillation, SOI 

= Southern Oscillation Index, PNA = Pacific North American Index, Bs = summer mass balance, Bw = winter mass balance, Bn = 

net mass balance. * = significant at 90%, ** = significant at 95%, and † = significant at 99%. 

 

  

Observed 
total winter 
snowpack 

(TL) 

Average 
winter 

temperature 
(PG) 

Total winter 
precipitation 

(PG) 

Average 
June-July 

temperature 
(PG) 

Winter 
PDO 

Winter 
SOI 

Winter 
PNA 

Pred. Total Winter 
Snowpack 

0.564† -0.241** 0.011 0.149 -0.359† 0.277† -0.481† 

Observed Bs 0.128 -0.326 0.005 -0.459** -0.286 0.042 -0.114 

Observed Bw 0.703** -0.046 0.625† -0.162 -0.379* 0.331 -0.385* 

Observed Bn 0.047 -0.039 0.327** -0.349** -0.438† 0.368** -0.256 

Pred. Bs 0.084 -0.165* 0.016 -0.402† -0.248** 0.243† -0.330** 

Pred. Bw 0.273 0.02 0.154 -0.168 -0.249** 0.212** -0.143 

Calculated Bn 0.430* -0.115 0.290* -0.565† -0.271† 0.246† -0.241* 
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Figure 2.4: Average winter PDO = Pacific Decadal Oscillation (grey) and PNA = Pacific North American Index (dotted), both sharing a 

negative relationship with predicted Tatlayoko Lake winter snowpack (black). All series are represented by 10-year running 

means to highlight the decadal periodicity. 
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2.5.3 Glacier Mass Balance Proxy Record 

A long-term proxy record of Place Glacier Bn was established by subtracting the 

annual proxy Bs values from the Bw established for the preceding winter. The resulting 

Bn values were standardized for comparison to Bw and Bs (see Figs. 2.5 and 2.6). 

Uncertainty in the proxy Bw (r
2
= 0.36) and Bs (r

2
= 0.14) records derived from the ring 

width and density data weakens the strength of the Bn reconstruction (Figure 2.7). A 

significant source of noise contributing to this uncertainty is assumed to be related to 

varied site-specific conditions influencing radial tree growth (Cook 1985).   

The Bn proxy record dates to 1585 (Table 2.1), but correlates only moderately 

with the observed Bn record from 1965-2001 at Place Glacier (r = 0.271, p < 0.1). Figure 

2.6 presents the correspondence between the observed and reconstructed Bn records 

showing that the low frequency oscillations in the two records are actually quite similar. 

This finding substantiates the usefulness of the proxy for describing historic trends, albeit 

recognizing that the values reported for individual years are often poorly modelled. 

The reconstructed Bn record is compared to average June-July temperatures at 

Place Glacier (Figure 2.2). As expected, the mass balance reconstruction shows a 

negative relationship to summer temperature. The proxy reconstruction (Figure 2.5) 

shows periods of positive mass balance in the late-1600 to early-1700s, between 1800 to 

1830, in the 1880s, and in the 1960s to early-1980s. Negative mass balance conditions 

characterize the mid-1600s, the late-1700s, between 1850 to 1865, and the 1940s to 

1950s. 

Bw was reconstructed from a multivariate analysis of the Se MXD and RW 

chronologies. The standard error of the original Bw reconstruction in Figure 2.7 shows 
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that even though multicollinearity was present in the model, the overall long-term trends 

are maintained and correspond to the observed Bw data. Split verification indicates the 

Bw model was significant at 95% (Table 2.1). Significant relationships were also found 

between winter PDO (October through March), as well as the observed and predicted 

model of Bw. This finding suggests that the winter balance of Place Glacier is affected by 

winter Pacific air circulation patterns. 

Bs was significantly correlated to the Se RW chronology, although the Pearson’s 

correlation coefficient is low (Table 2.3). The Bs reconstruction was compared to 

observed summer air temperature data to interpret the influence of air temperature on the 

record. Bs was shown to be negatively correlated to average June-July temperature (r = -

0.402, p < 0.01) (Table 2.4). Split-model verification showed a significant RE value for 

the verification period, but insignificant RE value for the calibration period (Table 2.1).   
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Figure 2.5:  Mass balance for Place Glacier, reconstructed from Engelmann spruce MXD 

and RW (Bw), RW (Bs), and the calculated difference between Bw and Bs (Bn). 

The thick black trend lines indicates a 10-year running mean for predicted 

values, and dotted black lines indicate the observed records. 
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Figure 2.6:  Reconstructed net mass balance (Bn) for Place Glacier, plotted against the 

observed net mass balance for the period of the observed record. 
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Figure 2.7:  Observed and reconstructed winter (Bw) and summer mass balance (Bs) at 

Place Glacier for the period of the available observed record with standard 

errors.   
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Figure 2.8 compares the standardized proxy Bn record developed in this study to 

those previously reported in four other studies. Common intervals of positive mass 

balance (1810-1825, 1860-1880, 1960-1980) are evident, as are common periods of 

negative mass balance conditions (1790-1800, 1930-1950). Commonality is also shown 

among the calculated Bn reconstruction and segments of the PDO, PNA, and SOI 

circulation indices (Figure 2.9).     
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Figure 2.8:  Net mass balance reconstructions for various glaciers in Southern BC. Dotted 

areas (light grey) indicate periods when the reconstructed mass balance of these 

glaciers is increasing or in positive balance.  Areas marked with diagonal lines 

on the figure indicate time periods when mass balance is decreasing in most 

cases.  All reconstructions were derived from tree rings except for Moore and 

Demuth (2001), which was derived from climate variables. 
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Figure 2.9:  Average winter Pacific Decadal Oscillation Index (PDO), Southern Oscillation 

Index (SOI), and Pacific North American Index  (PNA) measurements, 

compared to calculated net mass balance (Bn) for Place Glacier shown as a 10-

year running mean. 
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2.6 Discussion 

2.6.1 Snowpack Model 

The snowpack proxy record for Tatlayoko Lake was derived from Se MD and Fd 

RW chronologies. Se and Fd trees in this region were responding to high levels of snow, 

which leads to longer snowmelt time and a slower start to the growing season. With a 

slower start to growth, cells of Se in the Joffre Lakes area would have less time to thicken 

creating a less-dense ring on average, and rings in Fd from Owl Creek would have less 

time to form creating a narrow ring.   

2.6.2 Mass Balance Models 

Winter mass balance can be reconstructed from Se Rw and MXD despite the fact 

the Bw responds to winter variables and tree growth primarily takes place during the 

summer. This reconstruction is valid because tree growth in the summer months is 

directly dependent on the length of the growing season, which is partially determined by 

the time is takes for snow to melt. Winter snow accumulation therefore affects both 

growth initiation in trees, and the winter mass balance of Place Glacier. It should also be 

noted that tree physiological processes are still ongoing during winter dormancy periods 

and tree growth for any given year is at least partially determined by climate events prior 

to growth initiation in the spring (Kozlowski et al. 1991). In this study Se MXD and MD 

are negatively correlated to winter snowpack. This response could be due to snowpack 

leading to high levels of spring water availability, thereby producing large thin-walled 

cells lower in density.  

The observed winter mass balance record from Place Glacier shows a significant 

positive correlation with winter precipitation (r = 0.625, p < 0.01). A comparable 
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relationship was not evident when winter precipitation data was compared to the proxy 

Bw record modelled from the Se MXD and RW chronologies. This finding was not 

unexpected; the radial growth of those chronologies showed little sensitivity to 

precipitation.  

The observed Bw record from Place Glacier shows a significant correlation to 

observed winter snowpack from Tatlayoko Lake (0.703, p < 0.01). A significant 

relationship is not observed between the proxy record of Bw and observed snowpack 

from Tatlayoko Lake over the whole time series (Table 2.3), but periodic, oscillating 

relationships are observed for short intervals throughout the time series. For example; 

from 1960-69 a significant positive relationship exists between the observed snowpack 

record and proxy Bw (r = 0.524, p < 0.05). The fluctuating nature of the relationship 

between these two variables indicates that during some periods of time snowpack is very 

influential on tree growth, and less so at other times. Variation like this could be 

associated with the level of snowpack in certain years; perhaps only snowpack above a 

certain level substantially effects tree growth and cell development; or the oscillations 

could be due to the influence of climate forcing mechanisms, which also periodically 

change phases thereby impacting climate in a variable way. 

           Both the predicted and the observed Bs at Place Glacier were shown to be 

significantly negatively correlated to average June-July temperatures (Table 2.4). This 

finding suggests that during warm summers, ablation rates correspondingly increase 

thereby significantly reducing the Bn (ie. Munro and Marosz-Wantuch 2009). While this 

characteristic is common to glaciers in the Canadian Rocky Mountains (ie. Watson and 

Luckman 2004), the Bn of glaciers in coastal settings has usually been assumed to be 
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most significantly influenced by yearly Bw fluctuations (Walters and Meier 1989; Bitz 

and Battisti 1999). Nonetheless, a comparison of Place Glacier Bn to monthly 

temperatures does show that the yearly balance is negatively correlated, albeit weakly, to 

average June-July temperatures (Figure 2.2).  

Large-scale climate-forcing mechanisms influence both hydroclimates and glacier 

mass balance in this region (Stahl et al. 2006; Fleming et al. 2007; Déry et al. 2009). At 

Place Glacier, Bitz and Battisti (1999) and Moore and Demuth (2001) demonstrated that 

the PDO and the PNA were associated with glacial mass balance anomalies. This study 

also shows that significant correlations exist between the proxy Bw, Bs, and Bn 

reconstructions and the winter portion of the PDO (October through March) (Table 2.4, 

Figure 2.9).  

Significant correlations also exist with SOI in all three mass balance 

reconstructions. Visual correspondence between winter SOI and calculated Bn is shown 

in Figure 2.9, where a significant positive relationship is illustrated. It is likely that SOI 

and PDO are both influencing climate variables that are in turn influencing the ring width 

development of Engelmann spruce.  

Significant relationships exist between the winter PNA and predicted Bs 

reconstructed by the Se RW chronology. The relationship between the reconstructed Bs 

and the PNA changes through time. While the periods from 1960 to 1970 and 1985 to 

2001 are positively correlated to the PNA, the period from 1970 to 1985 is negatively 

correlated. Because the PNA is affecting the climate and mass balance for this area in a 

transient way, it is difficult to make a general assumption about its influence. The PNA 
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index is strongly influenced by the El Niño/Southern Oscillation index (ENSO) which 

could account for some of this variability (NOAA, 2012).   

Glacial history records from the southern and central Coast Mountains suggest 

that many glacier fronts have consistently fluctuated in correspondence to the mass 

balance models developed in this study. Larocque and Smith (2003) describe intervals of 

moraine formation in the Mt. Waddington area in 1767 to 1784, 1821 to 37, and 1942 to 

1946, all periods corresponding to shifts from positive to negative mass balance states in 

the Place Glacier reconstruction (Figure 2.5). At Bridge Glacier in the Lillooet Icefield 

area, Allen and Smith (2007) dated episodes of terminal moraine stabilization following 

ice front retreat to 1649, 1756, 1831, 1856, 1912 and 1946. The majority of these 

moraines date to intervals when shifts in mass balance from positive to negative states are 

recorded in the proxy Bn model. 

 In Upper Lillooet Provincial Park, Koehler and Smith (2011) describe the 

formation of extensive lateral moraines after 1736, 1830, and 1880, time periods that 

broadly correspond to persistent intervals of negative mass balance conditions at Place 

Glacier. Finally, Koch et al. (2007) note that most glaciers within Garibaldi Provincial 

Park attained their greatest downvalley extent between 1690 and 1720, an interval of time 

that corresponds to a significant period of positive mass balance in the  proxy Bn record 

(Figure 2.5). 

While these glacier histories are broadly in agreement with the Place Glacier mass 

balance reconstruction, there remain instances where the records do not correspond. This 

behaviour is attributed to errors in moraine dating and/or to the individualistic influence 

of glacier hypsometry. Clearly not all glaciers in this region respond similarly to 
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changing mass states (Larocque and Smith 2003). It is more likely that that there are 

variable lag periods between persistent positive mass balance episodes and moraine 

building; as well as between periods of negative mass balance, glacier terminus retreat, 

and moraine stabilization. 

2.7 Conclusion 

The glacier mass balance reconstructions developed in this study indicate that 

Place Glacier is affected by continental temperature regimes as well as coastal 

precipitation systems. The ablation and accumulation records associated with Place 

Glacier, as represented by mass balance measurements, are positively correlated with 

average spring and summer temperatures and total winter snowpack, respectively, for this 

region of BC. 

Using mean ring density of Engelmann spruce and ring width of Douglas-fir from 

wood samples collected in the Place Glacier region, a proxy record was developed for 

total winter snowpack at Tatlayoko Lake. Maximum ring density and ring width from 

Engelmann spruce were used to reconstruct winter balance, and ring width alone was 

used to reconstruct summer balance. Net balance was calculated as the difference 

between the winter and summer balance predictions. 

The reconstructions created in this study provide insight into the changes that 

snowpack and mass balance have undergone in the last 400 years, and their relationships 

to air temperature and circulation indices in southern BC. These changes are consistent 

with other regional mass balance reconstructions and indicate that the persistent weather 

systems characterizing large-scale climate-forcing mechanisms play a significant 

glaciological role in this region. A comparison of dated moraines located in the Mt. 



45 

 

 

Waddington area, at Bridge Glacier, and those found within Garibaldi and Upper Lillooet 

Provincial Parks substantiate the long-term shifts in mass balance state illustrated in the 

mass balance models of this study. 
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3 Proxy Mass Balance Trends in Mount Revelstoke and Glacier 
National Parks, British Columbia, Using Tree-Rings, Wood 
Density, and Fibre Properties 

 

3.1 Introduction 

The dynamics of glaciers located in Glacier National Park, British Columbia 

(BC), have attracted attention since the end of the 19
th

 Century (Parks Canada, 2009a). 

Beginning with the observations of van Horne in 1883 and continuing with those of Vaux 

and Vaux from 1887-1912 (Vaux 1909; Cavel 1983), Wheeler (1932) and Webb (1946), 

pioneering measurements established that both the Asulkan and Illecillewaet glaciers 

initiated a sustained interval of ice front retreat at the beginning of the 20
th

 Century. 

Subsequent observations by Champoux and Ommanney (1986a, 1986b) and McCarthy 

(2003, 2008) document the persistence of this behaviour throughout most of the 20
th

 

Century. Accelerated glacier mass wasting throughout this region in the last two decades 

(Schiefer et al. 2007; Arendt et al. 2009) is presumed to be a glaciological response to 

increased temperatures and decreased snowfall totals (Vanlooy and Forster 2008; Shea et 

al. 2009). 

The current and historical mass balance regime of glaciers in Glacier National 

Park is unknown. Although mass balance measurements were initiated in 1965 at 

Woolsey Glacier in nearby Mount Revelstoke National Park during the International 

Hydrological Decade (IHD) (Dyurgerov, 2005), monitoring ceased in 1975.  The 10-year 

mass balance record from Woolsey Glacier describes generally negative mass balance 

conditions from 1965-1971, interrupted by positive mass balance years in 1967 and from 
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1971 to 1975. This historic mass balance record is broadly comparable to that 

documented from annual measurements at Peyto (1966-2007), Place (1965-2007) and 

Sentinel (1966-1989) glaciers in the southern Canadian cordillera with exception to the 

measurements made in 1970, which are drastically more negative at Woolsey Glacier 

than at the other nearby glaciers.  

The purpose of the research presented in this chapter was to develop an annually-

resolved proxy mass balance record describing glaciological changes in Glacier and 

Revelstoke National Parks.  The intent was to use tree-ring records collected from living 

trees in the vicinity of the two parks to detail historical annual and seasonal glacier mass 

balance changes over the last 50 years, and to extend this record back in time over the 

length of the chronologies. The focus was on reconstructing these mass balance records 

using tree-ring, wood-density, and fibre proxies. I sought to use the climate-driven radial 

growth response of selectively sampled tree species to represent the long-term 

glaciological response to changing Little Ice Age climates. By identifying 

correspondence between the historical mass balance oscillations, and the annual ring 

width and density variation, and variation in fibre properties of trees, I sought to create a 

multi-proxy model to represent long-term changes in the climate-mass balance 

relationship. 

3.1.1 Research Background 

Prior research recognizes that annual and seasonal climates influence both annual 

tree-ring growth and glacier mass balance (Nicolussi and Patzelt 1996; Watson and 

Luckman 2004). In western North America, Watson and Luckman (2004) used tree-ring 

and density data from three sites to reconstruct mass balance changes at Peyto Glacier. 
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Their reconstruction showed that Peyto Glacier maintained a positive mass balance in the 

early 1700s and throughout most of the 1800s. Over the recent period the mass balance 

regime of Peyto Glacier has been primarily negative, with a notable decline in mass 

balance beginning after 1970. At a broader regional scale, Malcomb and Wiles (2009) 

developed mass balance proxies for glaciers in Alaska, BC, and Washington State using 

tree-ring series from northwestern North America. Each of these mass balance models 

relies on the relationship between tree growth, temperature and precipitation, and mass 

balance records. 

A preliminary understanding of the long-term glaciological response of Place, 

Blue, South Cascade, Helm, Sentinel, and Peyto glaciers to changing climates was 

presented by Lewis and Smith (2004) and Larocque and Smith (2005). They modeled this 

causal relationship to reconstruct a regional glacier mass balance record extending back 

to 1600. Lewis and Smith (2004) report that individual glaciers within this region 

experienced sustained intervals of positive mass balance in the 1690s, the mid-1850s to 

the mid-1880s, and during the early 1900s to 1920s. Larocque and Smith (2005) 

developed mass balance records for Blue, South Cascade and Place glaciers, and reported 

that glaciers in the central Coast Mountains experienced periods of positive mass balance 

in the 1750s, 1820s to 1830s, and 1970s. Peaks of positive winter balance correspond 

closely to these periods, with a sharp drop in winter mass balance noted towards the end 

of the nineteenth century. 

Considerable potential exists to create proxy climate and mass balance records 

through the examination of wood density and fibre properties to provide detailed mass 

balance records. The use of these alternative proxies could alleviate some of the 
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limitations in the use of ring width (RW) as a sole indicator of climate and mass balance 

changes, such as the reconstruction of only one annual climate variable. Wood density 

chronologies often show higher correlations to climatic factors than do ring width 

chronologies due to the similarity between the magnitude of climate events and a tree’s 

reaction to climate, as reflected in its maximum annual density (Polge 1970; Parker 1976; 

Conkey 1986; Schweingruber 1990; D’Arrigo et al. 1992; Wimmer and Grabner 2000; 

Davi et al. 2002).  

Studies of the physiological relationship between tree rings and climate indicate 

that the majority of radial growth occurs as cells divide and expand to form earlywood in 

the first half of the growing season (Kozlowski, 1979; Conkey, 1986; Barnett and 

Jeronimidis 2003; Decoux et al. 2004). Later in the growing season, cell-wall thickening 

involves the temperature-dependent deposition of additional cellulose and lignin fibres 

that contribute to the overall average density of the tree ring (Larson 1994, Antonova and 

Stasova 1997). Maximum density has a significantly greater sensitivity to climate 

conditions (Polge 1970; D’Arrigo et al. 1992) and characteristically displays more 

variability in time than total ring width (Davi et al. 2002). Because the mass balance of 

glaciers is regulated by climate events, as is tree growth, it is reasonable to assume that 

anatomical features of wood development, such as density and cell-wall thickness, may 

be useful as mass balance proxies.  

Density data has previously been used to reconstruct proxy climate records for 

glacier sites in the western Canadian cordillera (Schweingruber et al. 1991; Luckman et 

al. 1997); however, research conducted at Peyto Glacier in Banff National Park, Alberta 

was the first to create mass balance proxy records using densiometric data in North 
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America (Watson and Luckman 2004). Watson and Luckman (2004) built a long-term 

glacier mass balance proxy record based on maximum latewood density and ring width; 

these wood proxies were first used to model climate of the Banff region (Luckman et al. 

1997) and the climate reconstructions were subsequently used as glacial mass balance 

proxies. Similarly, glacier mass balance has been reconstructed from tree-ring density 

data in other parts of the world. Linderholm et al. (2007) reconstructed the summer 

balance of Storglaciären from the maximum density of Scots pine sampled in northern 

Sweden. Both studies revealed a closer correlation between climate, mass balance, and 

latewood density, then between climate, mass balance, and ring width. 

3.2 Study Location 

Glacier and Mount Revelstoke National Parks are located within the Selkirk and 

Purcell Ranges of southeastern BC (Parks Canada 2009b) (Figure 3.1). Glacier National 

Park covers an area of 1350 km
2
, while Mount Revelstoke is much smaller in area and 

encompasses only 260 km
2
 (Parks Canada 2008). The parks are characterized by high-

relief, forested valley slopes, alpine terrain and glaciers.  

Two main biogeoclimatic ecozones dominate the parks: the interior cedar-

hemlock zone (ICH) and the Engelmann spruce/subalpine fir zone (ESSF) (British 

Columbia Ministry of Forests and Range, 2008). Forest cover occurs at elevations below 

approximately 2000 m asl, where old-growth Engelmann spruce (Picea engelmannii 

Parry ex. Engelmann), subalpine fir (Abies lasiocarpa (Hooker) Nuttall), and mountain 

hemlock (Tsuga mertensiana Bongard Carrière) species are common. Western redcedar 

(Thuja plicata Donn ex. D. Don in Lambert) and western hemlock (Tsuga heterophylla 

(Rafinesque) Sargent) can also be found within the park boundaries, but are less frequent 
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and are found at lower elevations (Parks Canada 2008) where temperature is not always 

the dominant limiting factor to growth. 

 The ESSF is a comparatively high elevation zone, with average annual 

temperatures ranging from -2 to 2 ºC (Parks Canada 2009b). Mean annual precipitation 

totals up to 2200 mm in wetter areas and accumulates largely as winter snowfall (Coupé 

1991). The ICH is characterized by annual average temperatures from 2 to 9 ºC.  Total 

monthly precipitation ranges from approximately 50-200 mm throughout the year 

(Ketcheson et al. 1991).   

The Asulkan (N 51°12', W 117°27') and Illecillewaet (N 51º14', W 117º26') 

glaciers are two of the best known glaciers in this region; most historical ice data for this 

area exists for the Illecillewaet. Over the period from 1887-1984, Champoux and 

Ommanney (1986a) estimate that Illecillewaet Glacier retreated approximately 1433 m.  

Between 1887 and 1912 this record exists as photographs that reveal the steadily 

retreating icefront. Between 1945 and 1960 regular “snout movement surveys” were 

carried out by the Dominion Water and Power Bureau, which established baseline mean 

retreat values. Surveys initiated in 1972 by Parks Canada note that between 1972 and 

1984 the snout of the glacier thickened overall and advanced approximately 92 m 

(Champoux and Ommanney 1986b). 

3.3 Methods 

Tree-ring samples were collected for standard dendrochronological, 

densitometric, and SilviScan analysis. Samples were used to develop tree-ring 

chronologies for comparison to climate station records, and to construct proxy mass 

balance indices.  
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3.3.1 Sample Collection 

Samples were obtained from three sites: Two sites in Glacier National Park (Balu 

Pass and Avalanche Crest); and, a third site in Mount Revelstoke National Park (Figure 

3.1). The Balu Pass site was located at 1372 m asl on a steep, east-facing slope where 

mountain hemlock trees dominated the overstory (Table 3.1). The Avalanche Crest site 

was located at 1829 m asl, at a mid-slope position, on a steep gradient north-facing slope 

(Table 3.1). The Mount Revelstoke sampling site was located at 1938 m at an upper-slope 

to peak-slope position with a slight gradient (Table 3.1). 
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Figure 3.1: Location of sampling sites. Subalpine fir (Bl) sampled in Mount 

Revelstoke National Park. Engelmann spruce (Se) sampled from Avalanche 

Crest in Glacier National Park and mountain hemlock (Hm) sampled from a 

site located along Balu Pass trail in Glacier National Park. Dotted lines 

represent national park boundaries. 

 

Balu Pass 

Avalanche 
Crest  
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3.3.2 Sample Preparation and Measurement 

Trees were sampled during the summer of 2008 using increment borers. Two 5 

mm cores and one 12 mm core were collected from each tree at breast height (Stokes and 

Smiley 1968). The 5 mm cores were collected from opposite sides of the tree stem, on the 

side slope whenever possible. The 12 mm cores were collected directly beneath one of 

the 5 mm core positions.  

 All samples were prepared for standard ring width (RW) analysis, densitometry, 

and SilviScan analysis. Standard densitometric analysis was carried out using an ITRAX 

direct-scanning densitometer that uses light attenuation to reveal density variation along a 

wood section (Bergsten et al. 2001; Lindeberg 2004). SilviScan analysis was performed by 

Dr. Rob Evans at the Australian Commonwealth Scientific and Research Organization 

(CSIRO). SilviScan is a system that combines denstiometry, diffractometry, and image 

analysis to yield a variety of wood and fibre measurements (Rob Evans, personal 

communication, 2008).  

Standard dendrochronology techniques were used to facilitate ring width 

measurement of the 5 mm core samples (Stokes and Smiley 1968). Air dried cores were 

glued to grooved mounting boards and polished until the annual ring boundaries were 

clearly visible. Digital images of each core were created by scanning with a high 

resolution Epson XL1000 flatbed scanner. The width of each annual ring was measured 

to 0.001 mm using functions within Windendro® digital measurement software (Version 

2006). Annual rings that were exceptionally narrow or otherwise unclear in the scanned 

images were measured using a high-resolution digital microscope and a Velmex system.  
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Each 12 mm core was prepared for densitometric analysis by gluing them flush to 

the flat surface on 2.5 cm wide fiberboard blocks. Two mm thick wood lathes were then 

cut (pith to bark) from the centre of each core with a Waltech high precision twin-blade 

saw to reveal the radial surface of the core (Haygreen and Bowyer 1996). 

Wood lathes were treated by acetone extraction with a Soxhlet apparatus (Jensen 

2007) to remove resins that add to the structural mass of tree rings (Lenz et al. 1976; 

Schweingruber 1978; Grabner et al. 2005). Acetone was placed in a round-bottomed flask 

resting on a hot plate, and wood sections were placed in the Soxhlet chamber sealed by a 

condenser that cycled cold tap water. Acetone was cycled over the samples for 5 hours by 

consecutively evaporating and condensing the liquid, after which the samples were allow 

to air-dry.  

Each resin-extracted density sample was then scanned using the University of 

Victoria ITRAX densitometer. The samples were mounted vertically on pins, with care 

taken to ensure they were oriented perpendicular to the x-ray beam. The ITRAX system 

scanned cores at 0.05 mm for 20 µs, with the densitometer maintained at 30 kV and 55 

ma. The digital images were measured using an ITRAX compatible version of 

Windendro® (2008b) to output measurements of maximum density (MXD), mean 

density (MD), and minimum density (MND). 

Prepared core sections were sent to Dr. R. Evans at CSIRO for SilviScan analysis. 

The 12 mm radial width of each core was trimmed to 7 mm and scanned using the 

densitometer portion of the SilviScan system, which automatically adjusts its scanning 

beam to account for any deviation of the growth rings from the perpendicular. Cores were 

also scanned using diffractometry, which yielded measurements of microfibril angle 
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(MFA), and were measured using detailed image analysis to obtain cell dimensions. Cell-

wall thickness (CWT) was calculated by SilviScan as a function of the measured density 

and radial vs. tangential cell diameter dimensions [1] (Lundgren 2004; Vahey et al. 

2007).  

CWT = P/8 – ½ (P/16 – C/d)
1/2 

   [1]  

where:     P = 2 (R + T)      [2]  

and, R and T are the radial and tangential tracheid 

diameters, respectively, C is the tracheid coarseness, and d 

is the density (Jones et al. 2005).  

 

The RW, MXD, MD, maximum (X) CWT, mean (M) CWT, mean (M) MFA and 

minimum (N) MFA series were cross-dated by identifying characteristic annual ring 

patterns among the cores collected from each site. Series were cross-dated using 

COFECHA (Holmes 1983) producing annually resolved chronologies (Table 3.1). A 

negative exponential curve was applied to all chronologies showing an obvious age-

related radial growth trend (Fritts 1976) using ARSTAN (Cook and Holmes 1986).  

Following this a smoothing spline was applied to ring width chronologies only, with a 

frequency-response cut-off of 67% to remove the impacts of non-climate related 

variables, while still preserving most low-frequency variation (Cook and Kairiukstis 

1990). Standardization of the density and fibre chronologies was simplified because 

growth trends due to factors such as inter-tree competition are much less pronounced 

(Conkey 1986, Kirdyanov et al. 2007). ARSTAN’s residual chronologies were used for 

further analysis to eliminate autocorrelation issues. The chronologies were prewhitened; 

autocorrelation specific to each series (each individual tree core) was removed.  
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The standardized and detrended tree-ring, and the density master chronologies, 

were compared to climate station and snowpack data using response function analysis in 

PRECON (Fritts et al. 1971) and correlation analysis in SPSS (Version 17). PRECON 

uses principle components analysis and bootstrapped stepwise regression to compare a 

matrix of monthly climate data to the tree growth variable in question, either a ring width 

or density chronology. This comparison reveals where significant correlations occur, 

indicating that a particular chronology is responsive to an individual or series of monthly 

temperatures or precipitation levels. 

Using the relationships identified in PRECON, verification of significant 

correlation was performed using SPSS. A simple Pearson’s correlation was carried out, 

and in some cases partial correlation tests, to reveal the strength and direction of the 

variation between the climate datasets and RW, density, or fibre chronologies. The 

chronologies were also correlated to the principle component of the historical mass 

balance records to decipher and illustrate inherent mass balance – tree growth 

relationships. Where strong correlations existed, a regression was carried out; the 

strongest regression models with appropriate significance values are discussed in the 

results and discussion sections. Models were restricted in length to expressed population 

signal (EPS) values of ≥ 0.85 with only one decade of this time permitted to drop to an 

EPS value of ≥ 0.80 (Wigley et al. 1984). Final predictive models were verified for 

accuracy using split-period verification, using the most recent 50% of the observed 

record as the calibration period. 
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3.3.3 Climate Data 

Instrumental climate data were obtained from the Adjusted Historical Canadian 

Climate Data website (http://www.cccma.ec.gc.ca/hccd/) and snowpack data (1948-1982) 

were obtained from Walsh (1996). Climate data (1898-2008) were obtained for the 

Revelstoke, BC, climate station (# 1176749; Lat 50˚58’ N, Long 118˚11’ W, 443 m asl) 

(Figure 3.1). Snowpack data (1948-1982) were obtained from the Golden, BC climate 

station (# 1173210; Lat 51˚11’ N, Long 116˚35’ W, 785 m asl), the closest station to the 

sampling locations that measures snowpack accumulation. 

3.3.4 Glacier Mass Balance Data 

Limited mass balance records exist for glaciers located within the Columbia 

Mountains (Young and Ommanney 1984). While data were collected at Woolsey Glacier 

for a ten-year period (1965-1975), the record is believed skewed due to localized wind 

drifting (Mike Demuth, personal communication, 2009) and was not used for this study.  

Instead, a glacier mass balance record appropriate for the Columbia Mountains was 

modelled from mass balance data collected at Place, Peyto, and Sentinel glaciers 

(Dyurgerov 2005; Demuth et al. 2009). The mass balance record for Place Glacier dates 

to 1965, when measurements were initiated for the International Hydrologic Decade 

(Østrem 1966; Mokievsky-Zubok and Stanley 1976). At Peyto and Sentinel glaciers, 

mass balance measurements were initiated in 1966, with Peyto Glacier continually 

measured until 2001 (excluding 1991 and 1992). Sentinel Glacier mass balance was 

measured until 1989. 

Principle components for the observed mass balance records of Place, Sentinel 

and Peyto glaciers were derived using factor analysis in SPSS to create a net, winter, and 

http://www.cccma.ec.gc.ca/hccd/
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summer balance record for the Columbia Mountain region. The first principle component 

(PC) explained 71.9% (net mass balance - Bn), 74.1% (winter mass balance - Bw), and 

74.4% (summer mass balance - Bs) of the variation in the three glacier’s datasets. 

Eigenvalues were all statistically significant and the three glaciers were weighted equally 

in each of the three PC’s created.  

3.3.5 Chronology Development 

3.3.5.1 Ring width Chronologies 

 Three ring width chronologies were created. Cross-dating of 32 mountain 

hemlock (Hm) series from Balu Pass resulted in the construction of a master chronology 

extending from 1588 to 2007, with an interseries correlation of 0.590 and mean 

sensitivity of 0.202 (Table 3.1). The residual EPS cut-off point is 1765 for this 

chronology, yielding a RW record of 242 years.  

The Engelmann spruce (Se) master chronology constructed from 41 cores 

collected at Avalanche Crest has an interseries correlation of 0.591, with a sensitivity of 

0.179 (Table 3.1). The chronology extends from 1582 to 2007, with a residual EPS cut-

off at 1690.  

Twenty-seven subalpine fir (Bl) cores from Mt. Revelstoke were cross-dated with 

an interseries correlation of 0.561, and a sensitivity of 0.217 (Table 3.1). The master 

chronology extended from 1778 to 2007, with a residual EPS cut-off at 1880 resulting in 

a RW record 127 years long.  
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3.3.5.2 Density Chronologies 

Maximum and mean density chronologies were developed for Se trees sampled at 

Avalanche Crest. An MXD master chronology was created from 11 cross-dated series 

with an interseries correlation of 0.600 and a sensitivity of 0.136 (Table 3.1). Ten series 

were cross-dated to form the master MD chronology with an interseries correlation of 

0.617 and a sensitivity of 0.078 (Table 3.1).  Both chronologies extend from 1678 to 

2007, with a residual EPS cut-off of 1780, yielding records 227 years long.  

3.3.5.3 Fibre Chronologies 

MCWT, XCWT, MMFA, and NMFA chronologies were developed for Se trees 

sampled at Avalanche Crest. The XCWT master chronology was created from 10 cross-

dated series with an interseries correlation of 0.659 and a sensitivity of 0.134 (Table 3.1). 

Ten series were cross-dated to form the master MCWT chronology with an interseries 

correlation of 0.582 and a sensitivity of 0.075 (Table 3.1). The chronologies extend from 

1678 to 2007. The XCWT chronology has a residual EPS cut-off of 1780, yielding a 

record 227 years long. The MCWT chronology has a residual EPS cut-off of 1880, result 

in a 127 year long record. 

An MMFA master chronology was created from 9 cross-dated series with an 

interseries correlation of 0.507, and a sensitivity of 0.061 (Table 3.1). Ten cross-dated 

series form the master NMFA chronology with an interseries correlation of 0.504 and a 

sensitivity of 0.101 (Table 3.1). Both chronologies extend from 1678 to 2007; the MMFA 

chronology with a residual EPS cut-off of 1855 yielding a record 152 years long, and the 

NMFA chronology with a residual EPS cut-off of 1805 yields a record 202 years long.  
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Table 3.1: Details of chronologies for samples collected in Glacier and Mt. Revelstoke National Parks. RW = ring width, MXD = 

maximum ring density, MD = mean ring density, MCWT = mean cell-wall thickness, XCWT = maximum cell-wall 

thickness, MMFA = mean microfibril angle, NMFA = minimum microfibril angle. 

 

Chronology 
Type 

Species Site name Latitude N Longitude W 
Number 

of 
cores 

Chronology 
length 
(years) 

Interseries 
correlation 

Mean 
sensitivity  

EPS 
cutoff 
(years) 

RW 
mountain 
hemlock 

Balu Pass 51º 17’ 52” 117º 31’ 45” 32 1588-2007 0.590 0.202 1765 

RW 
Engelmann 

spruce 
Avalanche 

Crest 
51º 17’ 30” 117º 29’ 48” 41 1582-2007 0.591 0.179 1690 

RW 
subalpine 

fir 
Mt. 

Revelstoke 
51º 02’ 47” 118º 08’ 33” 27 1778-2007 0.561 0.217 1880 

MXD 
Engelmann 

spruce 
Avalanche 

Crest 
51º 17’ 30” 117º 29’ 48” 11 1678-2007 0.600 0.136 1780 

MD 
Engelmann 

spruce 
Avalanche 

Crest 
51º 17’ 30” 117º 29’ 48” 10 1678-2007 0.617 0.078 1780 

MCWT 
Engelmann 

spruce 
Avalanche 

Crest 
51º 17’ 30” 117º 29’ 48” 10 1678-2007 0.582 0.075 1880 

XCWT 
Engelmann 

spruce 
Avalanche 

Crest 
51º 17’ 30” 117º 29’ 48” 10 1678-2007 0.659 0.134 1780 

MMFA 
Engelmann 

spruce 
Avalanche 

Crest 
51º 17’ 30” 117º 29’ 48” 9 1678-2007 0.507 0.061 1855 

NMFA 
Engelmann 

spruce 
Avalanche 

Crest 
51º 17’ 30” 117º 29’ 48” 10 1678-2007 0.504 0.101 1805 
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3.4  Results 

 Only the three RW chronologies and the MXD and XCWT chronologies from Se 

were considered for further analysis. Each displayed sufficient reliability, with EPS 

values > 0.80 for a significant duration and with minimal autocorrelation according to the 

Durbin-Watson statistic (Table 3.2).  

The MD, MCWT, MMFA, and NMFA chronologies were not used either due 

their abbreviated lengths following EPS assessment or because of inter-proxy correlation 

when attempting multivariate regression. The MCWT and MMFA chronologies resulted 

in relatively short records once the EPS values were considered (127 and 152 years 

respectively). While this trait was not enough to discount these chronologies as 

parameters for reconstruction (the observed mass balance records are significantly 

shorter), the MCWT, MMFA, MD and NMFA chronologies did not show strong 

correlations to either climate or mass balance variables. In combination with other 

proxies, some strong multi-proxy models would have been possible if the records were 

not dependent on one another, thus failing the multicollinearity tests. 
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Table 3.2: Summary statistics for temperature, precipitation, snowpack, and glacier mass 

balance reconstructions from the Columbia Mountains region (* = p  < 0.05). 

 

3.4.1 Climate 

 The trees used for analysis showed significant climatic sensitivity. The Se 

samples displayed radial growth responses to both average summer maximum 

temperatures and total August precipitation (Table 3.3). Both the Bl and Hm ring width 

samples were significantly correlated to winter snowpack from Golden with total 

February snowpack yielding the strongest correlations (r = -0.507 with p = 0.004, and -

0.449 with p = 0.011 respectively) (Table 3.3).  Using partial correlation, it was 

determined that both maximum summer temperature and August precipitation are 

affecting growth in the trees sampled, irrespective of their influence on one another. 

Reconstruction 

Maximum 

Summer 

Temperature  

Total 

August 

Precipitation  

February 

Snowpack  

Net 

Balance  

Summer 

Balance  

Winter 

Balance  

Species and 

Proxies 

Se RW & 

MXD 
Se XCWT 

Bl RW & 

Hm RW 

Se RW 

& 

XCWT 

Se RW 

& MXD 
Bl RW 

Chronology 

Length 

(to EPS) 

1780-2007 1780-2007 
1880-

2007 

1780-

2007 

1780-

2007 

1880-

2007 

Pearson's R 0.602 0.582 0.582 0.707 0.652 0.417 

R-squared 0.362 0.339 0.339 0.500 0.425 0.174 

Durbin-Watson 1.511 1.742 1.929 1.608 2.204 1.525 

P-value 0.001 0.001 0.003 0.001 0.016 0.085 

RE Calibration 0.439* 0.321* 0.357* 0.138 0.250 0.070 

RE 

Verification 
0.247* 0.418* 0.318* 0.689* 0.504* 0.533* 
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The Se MXD and RW chronologies were used to reconstruct maximum summer 

temperatures (June, July, August) for Revelstoke (Table 3.2; Figure 3.2). August total 

precipitation was reconstructed using the XCWT chronology from Se (Figure 3.2). The 

resulting proxy records date back to 1780, with EPS greater than 0.85 (Table 3.2).  

The final climate variable investigated was February snowpack, which was 

reconstructed using Bl RW and Hm RW chronologies, with the record extending back to 

1880 (Figure 3.4). The predicted values correlate strongly with the original observed 

datasets, and thus provided verification that the models are accurate (Table 3.2). Split 

verification revealed that the models were significant at 95 % for both verification and 

calibration time periods (Table 3.2). 
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Table 3.3: Correlations between ring width, density, and fibre chronologies and total 

August precipitation and maximum summer temperatures from Revelstoke and 

February snowpack from Golden. 

  

Total 
August 

Precipitation 

Maximum 
Summer 

Temperature 

Total 
February 

Snowpack 

Se Maximum Density 

-0.553 0.523 -0.05 Pearson's 

sig. 0.001 0.001 0.789 

Se Ring Width 

-0.035 -0.425 -0.427 Pearson's 

sig. 0.748 0.001 0.017 

Bl Ring Width 

-0.101 -0.331 -0.507 Pearson's 

sig. 0.348 0.001 0.004 

Hm Ring Width 

-0.137 0.092 -0.449 Pearson's 

sig. 0.202 0.357 0.011 

Se Maximum Cell-wall 
Thickness 

-0.582 0.502 0.027 Pearson's 

sig. 0.001 0.001 0.885 

Se Minimum Microfibril 
Angle 

0.505 -0.461 -0.01 Pearson's 

sig. 0.001 0.001 0.957 
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Figure 3.2: Reconstructed variables: maximum summer temperature (mean of June, July, and August values) from Engelmann 

spruce maximum ring density and ring width chronologies and total August precipitation from the Engelmann spruce 

maximum cell-wall thickness chronology.  
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Figure 3.3: Observed and reconstructed February snowpack from subalpine fir and mountain hemlock ring width chronologies.
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3.4.2 Mass Balance 

A significant relationship was found between the first PC for Bn and the Se RW 

and XCWT (p < 0.05) chronologies. Bs was found to be significantly correlated to the Se 

RW (p < 0.1) and Se MXD chronologies (p < 0.05), and Bw was significantly correlated 

to the Bl RW chronology (p < 0.1) (Table 3.4).  

The Bn reconstruction dates to 1780, with an EPS value of 0.80 or greater. The 

predicted values for net balance were compared to the observed values for maximum 

summer temperature and total August precipitation in Revelstoke and revealed strong 

correlations of r = -0.594 (p < 0.01) and r = 0.475 (p < 0.01) respectively. These 

significant relationships were investigated to draw a link between climate variability in 

the area and glacier activity to provide evidence that Bn is affected by precipitation and 

temperature regimes in the Columbia Mountains. These relationships serve to verify the 

model; meaningful correlations with climate indicate a cause and effect relationship that 

yielded explanations for the mass balance fluctuations.  

The reconstruction of summer glacier mass balance dates to 1780 (Figure 3.4). 

The Bs proxy record was negatively correlated to observed maximum June, July, August 

temperature (r = -0.599, p <0.01) and positively correlated to observed total August 

precipitation  (r = 0.462, p <0.01). Finally, winter balance was reconstructed to 1880 

(Figure 3.5). Bw correlates well with observed winter snowpack from Golden especially 

February snowpack, indicating that the winter glacier mass balance record is sensitive to 

snow accumulation, as expected (r = 0.507, p < 0.01). The reconstructed winter mass 

balance record also correlates negatively with average mean winter temperature in 

Revelstoke (r = -0.255, p < 0.01), indicating that, as expected, as temperatures warm, 
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mass balance decreases. Split verification revealed that the models were significant at 

95% for the verification period, but the ‘reduction of error’ (RE) values for the 

calibration period were insignificant. This outcome could be due to the abbreviated 

length of the mass balance data available for western Canada as well as the significant 

variation seen between calibration and verification periods in the mass balance 

reconstructions (Table 3.2). 

Table 3.4: Correlations between the primary principle component of representative net 

mass balance (Bn), winter balance (Bw), and summer balance (Bs) for the Columbia 

Mountains region of BC and maximum density, cell-wall thickness, and ring width 

chronologies. 

  PC1 Bn PC1 Bw PC1 Bs 

Se Maximum Density 

-0.631 -0.194 -0.555  Pearson's 

sig. 0.001 0.441 0.017 

Se Ring Width 

-0.451 -0.338 -0.452  Pearson's 

sig. 0.027 0.170 0.060 

Bl Ring Width 

-0.290 -0.417 0.018  Pearson's 

sig. 0.327 0.085 0.942 

Se Maximum Cell-wall 
Thickness 

-0.608 -0.180 -0.392  Pearson's 

sig. 0.002 0.475 0.107 
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Figure 3.4: Observed and reconstructed summer mass balance for the Columbia Mountains in relation to maximum summer 

temperatures in Revelstoke. 
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Figure 3.5: Observed and reconstructed winter mass balance for the Columbia Mountains in relation to winter snowpack in 

Golden.
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3.5 Discussion  

Reconstruction of maximum summer temperature from maximum ring density 

and ring width of Engelmann spruce reveal years of higher than average records from 

1790–1810, 1850-1870, and 1930–1950. Some of the coldest temperatures appear in the 

last 50 years of record. This reconstruction negatively correlates with the Revelstoke 

August precipitation dataset (r = -0.425, p < 0.01) indicating that hotter summers are 

characteristically drier in this region, or conversely, that colder summers are normally 

wetter. The r-squared value of the model indicates that RW and MXD from Engelmann 

spruce were able to predict 36% of the variation in maximum summer temperature in 

Revelstoke.  

Total August precipitation was reconstructed using an original proxy, XCWT. 

The proxy record reveals higher-than-normal August precipitation totals in the late 1700s, 

from 1805-1835, during the 1880s, from 1960-1975, and in the mid-1980s. The 

reconstruction suggests that August precipitation totals have decreased over the period of 

record, indicating that the Columbia Mountains region and in particular Revelstoke, is 

drier today than it was 250 years ago. This finding corresponds with the model of 

maximum summer temperatures that shows a slight warming trend over the period of 

record; the model for August precipitation negatively correlates with maximum summer 

temperature (r = -0.502, p < 0.01). The r-squared value indicates that XCWT in 

Engelmann spruce was able to predict 34% of the variation in total August precipitation 

from Revelstoke.  
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The proxy record of February snowpack totals suggests a broad range of 

conditions over the 127 year reconstruction. While the winters of 1888-1889 (86 cm) and 

1989-1990 (93.7 cm) experienced deep accumulations of snow in February, the winters 

of 1957-1958 (8.5 cm) and 1989-1990 (7.2 cm) were characterized by significantly 

below-normal snow accumulations (Figure 3.3 and 3.5).  Over the period of record 

February snowpack has generally decreased, albeit punctuated by intervals of above-

normal snowpacks in the mid-20
th

 century and below normal snowpacks in the early to 

mid-1970s onward. The multivariate model for this reconstruction indicates that the 

combined mountain hemlock and subalpine fir ring width records explain 34% of the 

variation in total winter snowpack at Golden.  

Figure 3.6 presents the cumulative reconstructed Bn, Bs, and Bw records. The 

overall decrease in mass balance that is evident in all three records reflects a glaciological 

response to changing seasonal climates as modelled in this study. Notable is the slight 

increase in Bs within the last 30 years, which appears to correspond to decreased 

maximum summer temperatures in Revelstoke. Decreased winter snowpack 

accumulation and increased mean winter temperatures appear responsible for persistent 

decrease in Bw.   

The cumulative Bn reconstruction indicates an overall decrease in glacier mass 

balance over the length of the record (Figure 3.6). The reconstruction generally 

corresponds to records of icefront retreat of the Illecillewaet Glacier (Champoux and 

Ommanney 1986b; McCarthy 2008; Figure 3.7). Intervals of positive Bn in 1809-1825 

and 1878-1890 correspond to ice front advances that constructed prominent moraines at 

the Illecillewaet Glacier in 1824 and 1889 (McCarthy 2003).  
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Figure 3.6: Cumulative values for the predicted net, summer, and winter mass balance reconstructions for glaciers within the Columbia 

Mountains. Values are standardized. 
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Figure 3.7: Reconstructed cumulative net balance (grey) with cumulative icefront retreat values (black) from Champoux and Ommanney 

(1986b).  Predicted mass balance values are derived from the principle component of Place, Sentinel and Peyto glaciers and are 

therefore represeneted as an index value in this figure. The original icefront retreat was measured in metres but these values were 

divded by 100 for scale purposes in this figure.   
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Figure 3.8 compares the Bn reconstruction from this study with those of Moore and 

Demuth (2001), Lewis and Smith (2004), Watson and Luckman (2004), and Larocque 

and Smith (2005); and also to the Bn reconstruction of Place Glacier developed in 

Chapter 2 (Wood et al. 2011).  Common periods of positive mass balance are evident 

among the reconstructions from 1815-1825, 1875-1890, 1958-1968 and 1975-1985. A 

period of shared negative mass balance is also evident from 1935-1945.  
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Figure 3.8: A regional comparison of glacier mass balance reconstructions in western North 

America. All used tree-ring proxies to represent glacial change except Moore and Demuth 

(2001), whose reconstruction is based on climate variables. Shaded area indicates a period 

when the reconstructed mass balance is decreasing in most cases. Areas highlighted by 

diagonal lines indicate time periods when mass balance is increasing in most cases.  
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3.6 Summary and Conclusions 

The r
2
 values of the Bn, Bs, and Bw proxy models developed in this study reflect 

37%, 43%, and 17% of the annual variation in the glacier mass balance state. These 

relationships were developed using multivariate and univariate models of radial tree 

growth used to describe mass balance from the principle component of summarized 

measurements from Place, Peyto, and Sentinel glaciers.  

The modelled mass balance record showed significant correlations to both 

observed maximum summer temperature (r = -0.728, p < 0.01) and August precipitation 

(r = 0.608, p < 0.01), when controlling for maximum summer temperature however, the 

relationship between August precipitation and Bn became insignificant. This finding 

indicates that the primary influence on net balance in this region is maximum summer 

temperatures, which reflects the impact that higher temperatures have on glacier ablation 

in this region of western Canada.  

Correlations between maximum summer temperature and predicted Bn are 

consistent throughout the reconstruction (r = -0.594, p < 0.01) indicating the validity of 

using XCWT and RW as a proxy to reconstruct Bn. As summer temperature increases, 

XCWT and RW also increase. Warmer temperatures for longer periods provide increased 

opportunity time for cellulose and lignin fibres to be deposited in cell walls (Kozlowski 

1979; Creber and Chaloner 1984; Barnett and Jeronimidis 2003). This outcome 

corresponds to the observed relationship between temperature and Bn (increasing 

temperature leads to increasing ablation). Therefore, it can be assumed that increasing 

cell-wall thickness may correspond to periods of increased glacial ablation. 
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The relationships between both observed and predicted Bs and observed summer 

temperature (r = -0.674 and r = -0.599, p < 0.01, respectively) reinforce the observation 

that for Bn, when temperature is increasing, summer balance is decreasing. The outcome 

above suggests that warmer temperatures lead to decreased mass balance. High 

temperatures were correlated to lower levels of precipitation, which also increases 

ablation of glaciers in the Columbia Mountains, as demonstrated by the overall 

downward trend in reconstructed Bn.  

In recent decades, the Revelstoke climate records indicate decreased annual 

precipitation totals, and lower temperatures compared to the overall historical record. 

These recent cooler years are reflected in the reconstruction of Bs, based on the RW and 

MXD of Engelmann spruce.  

Tree-ring width in Se samples from Avalanche Crest was negatively correlated to 

maximum summer temperatures (Table 3.3) indicating that when maximum temperatures 

increase RW of Se decreases. Conversely, density in Se from Avalanche Crest was 

positively correlated to maximum temperatures. This finding could be because maximum 

temperatures in this area of BC can get very warm; the highest temperature recorded for 

Revelstoke is 28.8 ºC in 1967  when only 82 mm of precipitation fell from June to 

August. In these cases, tree growth is limited by heat, and cells remain small, which leads 

to a narrow ring and higher density wood. Stomata remain closed for most of the day, 

which limits photosynthetic activity, and therefore limits growth (Kozlowski, 1979). 

Both the observed and predicted Bw records were positively correlated to total 

winter precipitation at Revelstoke (r = 0.532, p < 0.05, and r = 0.261, p < 0.05 

respectively). High levels of precipitation lead to greater glacial accumulation, and thus a 
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positive mass balance. The predicted Bw record is also positively correlated with winter 

snowpack at Golden (r = 0.451, p <0.01) (Figure 3.5). This finding indicates that tree-ring 

widths of Bl are responsive to winter snow levels, both in the amount of total 

precipitation, and accumulated snowpack. The relationship shown between total winter 

snow and tree RW reflects both the benefits of increased runoff in the spring from larger 

snowfalls in previous winters, and the “blanket-effect” from fallen snow that can serve to 

aid root systems in avoiding frost (Kozlowski 1979). The benefits of snow cover may 

allow tree roots to avoid spring frosts, which then gives the tree a healthy start to the 

growing season (Bär et al. 2008). This contrasts to the situation where roots are exposed 

to frost and frost-heaving from a lack of snow cover, allowing them to experience growth 

delays due to frost-damage (Kozlowski et al. 1991).  

The February snowpack reconstruction illustrates a recent decrease in winter 

snow accumulation, a finding that corresponds to a significant decrease in winter and net 

balance since the late 1970s. The impact of a decreased winter snow accumulation is 

reflected in the Bn record despite accompanying decreases in summer temperatures, 

which may affect accumulation positively. The Bn record shows a continual decrease in 

glacial mass balance for the region. Furthermore, Revelstoke experienced a general 

increase in mean winter temperatures over the last century. This increase of 

approximately 2 ºC since 1904 provides a possible explanation for a decrease in winter 

snowpack in this area, and contributes to the conclusion that decreases in net balance are 

due to substantial decreases in winter balance, despite slight increases in summer balance 

in recent years.  
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3.6.1 Conclusions 

The reconstructions developed in this study indicate that the glaciers in the 

Columbia Mountains are more affected by winter climates and snow accumulation than 

by summer climates. Winter precipitation and snowpack have decreased in recent years 

possibly as a result of generally increasing winter temperatures, while summer 

temperatures have been decreasing. The ablation and accumulation trends associated with 

this region, as represented by a principle component of mass balance measurements, are 

positively correlated to maximum summer temperatures and total winter precipitation.  

The reconstructions provide insights into climate changes in the last 250 years, 

and provide a representation of glacier behaviour in this relatively unstudied region. The 

mass balance reconstruction indicates a general decrease in net balance over the proxy 

record. This mass balance trend appears to have been significantly influenced by 

decreases in the winter balance. These glaciological changes are consistent with other 

regional mass balance reconstructions for southern BC and Alberta, and with the 

historical records of icefront activity in the Columbia Mountains.  

The additional years of proxy data gained from this study allow an investigation 

into past glacial movement. This data may aid researchers in explanations for present 

mass balance activity, and also provide information for those who are trying to model 

future glacial advance and retreat. Determination of causal factors involved in these 

glacial movements is essential to developing confidence in predictions.  
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4 An intra-annual reconstruction of climate in northern British 
Columbia using tree-ring width, density and cell-wall 

thickness proxies 

 

4.1 Introduction 

 

Traditional dendroclimatology focuses on the construction of inter-annual climate 

histories through analysis of tree-ring width and density measurements, with the most 

robust reconstructions oftentimes limited to relationships developed with summer 

growing season temperatures (Fritts 1976; Kozlowski 1979). In northwestern North 

America, ring width and maximum ring density proxies have most commonly been used 

to construct proxy records of average of June-July mean temperature or mean April-

September temperatures (Watson and Luckman 2001; Davi et al. 2003; Larocque and 

Smith 2005; Youngblut and Luckman 2008; Flower and Smith 2011). Generally these 

dendroclimatic studies describe cooler than average periods during the late 1600s to early 

1700s, early 1800s, and late 1800s (Briffa et al. 1992; Davi et al. 2003; Larocque and 

Smith 2005; Youngblut and Luckman 2008). Intervals of warmer than average 

temperatures were noted in the late 1700s, mid-1800s, and from the 1930s-1950s (Briffa 

et al. 1992; Youngblut and Luckman 2008; Flower and Smith 2011). These intervals 

generally correspond to periods of drier than average conditions (Watson and Luckman 

2001).   

Despite the promise shown by dendroclimatic investigations of detailed fibre 

properties in Japan, Siberia, eastern Canada, and Italy (i.e. Panyushkina et al. 2003), there 

have been few applications in western North America. Wood features within tree rings 

are known to be sensitive to intra-annual changes in climate. Earlywood (Ew) is 



95 

 

 

 

 

developed from large, thin-walled cells produced early in the growing season with a 

lower proportion of cell-wall material (Barnett and Jeronmidis 2003; Decoux et al. 2004).  

Throughout the remainder of the growing season a transition occurs as the cells become 

thicker-walled from the deposition of polysaccharides and the initiation of lignification.  

These cells characteristically have smaller lumen as a result of waning of growth 

hormones and the initiation of growth inhibitors (Barnett and Jeronimidis 2003). This 

anatomical change is a result of shortened photoperiod, lower temperatures, and 

decreased precipitation. These thicker-walled cells with smaller lumen diameter become 

more dominant and form the latewood (Lw) portion of the annual ring, which reflects a 

tree’s preparation for dormancy and carbon storage in cell walls (Kozlowski 1979; 

Conkey 1986).  

Wood density and fibre properties provide a means to reconstruct historical intra-

annual climate data, and they have been shown to correlate more strongly to climatic 

factors than ring width chronologies (Polge 1970; Parker 1976; Conkey 1986; 

Schweingruber 1990; D’Arrigo et al. 1992; Wimmer and Grabner 2000; Davi et al. 

2002). The resulting strong density – climate correlations are often attributed to a greater 

similarity between changes in amplitude of wood density from year to year, as opposed to 

the comparison of variation in ring width to climate.  

The goal of the research presented in this chapter was to investigate historical 

climate trends in northern British Columbia (BC) through the use of tree-ring proxies, 

and establish a means of reconstructing intra-annual climate patterns from wood density, 

fibre properties and tree-ring width data. Specific attention was given to investigating 
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how dendroclimatological analyses of intra-ring wood and fibre properties can be 

interpreted to improve proxy climate records. 

4.2 Methods 

Tree-ring samples were collected at sites in northern BC, described further in 

Section 4.3. Three cores were collected from each tree sampled, two 5 mm diameter 

cores for standard dendrochronological and densiometric analysis, and one 12 mm 

diameter core for SilviScan analysis. The samples were used to build tree-ring 

chronologies for comparison to regional climate station records and to construct proxy 

climate histories. 

4.2.1 Climate Data 

Instrumental climate data were obtained from the Adjusted Historical Canadian 

Climate Data website (http://www.cccma.ec.gc.ca/hccd/) for the Smithers (station # 

1077500, Lat 54º 82’N, Long 127º 18’ W, 522 m a.s.l.), Fort St. James (station 

#1092970, Lat 54 º 45’N, Long 124º 25’W, 686 m a.s.l.), and Quesnel (station #1096630, 

Lat 53º 03’W, Long 122º 52’N, 545 m a.s.l.) climate stations (Figure 4.1).    

4.2.2 Sampling and Preparation 

4.2.2.1 Ring width Samples  

Two 5 mm diameter cores were obtained from opposite sides of individual tree 

stems using an increment borer. Cores were allowed to air dry, and one core from each 

tree was glued to a grooved mounting board, and sanded to a fine polish until the annual 

ring boundaries were clearly visible (Stokes and Smiley 1968).  Digital images of the 5 

mm cores were created by scanning the cores with a high resolution Epson XL1000 

http://www.cccma.ec.gc.ca/hccd/
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flatbed scanner. The width of each annual ring was measured to 0.001 mm using 

Windendro® digital measurement software (Version 2006). Annual rings that were 

exceptionally narrow or unclear were measured to 0.001 mm using a Velmex® tree-ring 

measurement system equipped with a trinocular boom-mounted microscope and CCD 

video display. 

4.2.2.2 Density Samples 

A 5 mm core from each tree was air-dried and glued flush to the surface of a 2.5 

cm-wide fibreboard block. A 2 mm thick wood lath was cut (pith to bark) with a Waltech 

high-precision twin-bladed saw to reveal the radial surface of the core (Haygreen and 

Bowyer 1996). To remove the resins that would cause overestimation of actual wood 

density measurements (Schweingruber 1978; Grabner et al 2005), an acetone Soxhlet 

apparatus cycled acetone over the samples for 5 hours (Jensen 2007).   

 Samples were air-dried after extraction and mounted vertically on pins within the 

densitometer.  Each wood section was scanned using the University of Victoria ITRAX 

scanning densitometer and the images generated were measured using Windendro® 

ITRAX software, Version 2008b.  

4.2.2.3 Fibre Properties Samples 

The individual 12 mm diameter cores were collected directly beneath one of the 5 

mm core locations on the tree stem. Cores were air dried and cut with the twin-bladed 

saw as detailed above. Sectioned and extracted 12 mm x 2 mm samples were sent to Dr. 

R. Evans at the Australian Commonwealth Scientific and Research Organization 

(CSIRO) for SilviScan analysis. Once there, the 12 mm radial width of the core was cut 
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precisely to 7 mm and scanned using SilviScan. The SilviScan system includes: a 

densitometer which yields measurements every 0.025 mm and scans at exactly 90° from 

the sample; a diffractometer which uses light refraction from cells to measure the 

orientation of microtubules within the secondary cell wall yielding a measurement of 

microfibril angle every 0.025-1 mm; and, image analysis equipment to obtain 

measurements of cell radial and tangential diameters and fibre coarseness (Lundgren 

2004; Vahey et al. 2007). Cell-wall thickness is calculated through SilviScan using the 

following equation [1]:  

CWT = P/8 – ½ (P/16 – C/d)
1/2 

 [1]  

where:     P = 2 (R + T)     [2]  

and, R and T are the radial and tangential tracheid diameters, respectively (Jones 

et al. 2005).  

4.2.3 Analysis 

4.2.3.1 Chronology Development 

Series were cross-dated by comparing ring widths between samples, and 

identifying characteristic patterns among the cores collected from each site. Maximum 

density (MXD), mean density (MD), minimum density (MND), maximum cell-wall 

thickness (XCWT), and minimum microfibril angle (NMFA) chronologies were also 

developed for the cores collected (Table 4.1).  COFECHA was used (Holmes 1983), to 

verify the series cross-dating, and annually resolved ring width (RW) chronologies were 

developed for each species (Table 4.1). The resultant time-series were transformed into 

master chronologies in ARSTAN (Cook and Holmes 1986) using conservative double 

detrending. First a negative exponential curve was applied to each series (Fritts 1976) and 
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a smoothing spline was subsequently applied to ring width chronologies, with a 

frequency-response cut-off of 67%, to remove the impacts of non-climate related 

variables while still preserving most low-frequency variation (Cook et al. 1990). 

ARSTAN’s residual chronologies were used for this analysis to eliminate autocorrelation 

issues.  These chronologies were prewhitened, with the autocorrelation specific to each 

series removed.  The usual application of a smoothing spine for standardization was 

found to be unnecessary when working with density and fibre data. Density and fibre 

growth trends due to factors such as inter-tree competition are much less pronounced than 

in ring width, and therefore standardization can be simplified (Conkey 1986).  

4.2.3.2 Correlation and Regression 

Standardized and detrended master chronologies were compared to 

meteorological data from the nearest climate station (Smithers, Fort St. James, or 

Quesnel) using response function analysis in PRECON (Fritts et al. 1971; Fritts 1999) 

and correlation analysis in SPSS (Version 17). Climate – tree growth relationships 

identified in PRECON were verified using a simple Pearson’s correlation, and in some 

cases partial correlation tests.  The Durbin-Watson statistic was used to ensure that the 

observed correlations were true and not caused by autocorrelation. 

Final reconstructions were developed through simple or multiple linear 

regressions, using the climate-tree growth relationships identified through response 

function and correlation analysis. Multiple variables were used to regress climate data in 

some cases, where statistically relevant relationships arose between the climate variable 

and more than one tree proxy. In these cases, independence of the tree proxies was 

established with cross-correlation and partial correlation tests. Models were restricted in 
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length to expressed population signal (EPS) values of ≥ 0.85 with only one decade of this 

time permitted to drop to an EPS value of ≥ 0.80 (Wigley et al. 1984). Final predictive 

models were verified for accuracy using split-period verification, using the most recent 

50% of the observed record as the calibration period. 

4.3 Study Sites 

White x Engelmann spruce (Picea glauca (Moench) Voss x engelmannii (Parry)) 

and Douglas-fir (Psuedotsuga menziesii (Mirb.) Franco) were sampled from six sites in 

northern British Columbia (Figure 4.1).  The sites contained mixed-species old-growth 

stands and were located in close proximity to long-term existing meteorological stations. 

Well-drained, nutrient-rich sites with open canopy structures were targeted to avoid 

signal noise caused by site conditions or inter-tree competition. Spruce trees were 

collected from high-elevation sites in the Smithers area, while Douglas-fir trees were 

sampled at the northern latitudinal extent of their range near Babine Lake and in 

precipitation-limited areas near Valemount.  

Engelmann x white spruce hybrids at site 1 (NSx1) were sampled on Hudson Bay 

Mountain (Figure 4.1, Table 4.1) within the interior cedar-hemlock moist cold 

biogeoclimatic zone variant 1, site series 03 (Banner et al. 1993).  The site was wet and 

the soil was moderately to poorly drained, with a heavy moss layer.  Subalpine fir was 

present in the canopy, and the understory shrub layer included black twinberry (Lonicera 

involucrate (Richardson) Banks ex. Spreng.), bunchberry (Cornus canadensis L.) and 

devil’s club (Oplopanax horridus (Sm.) Miq.). 

Engelmann x white spruce hybrids at site 2 (NSx2) were sampled within the 

Engelmann spruce-subalpine fir (ESSF) very wet cold variant, site series 01 (Banner et 
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al. 1993) on Hudson Bay Mountain (Figure 4.1, Table 4.1). Subalpine fir trees were the 

dominant species at the sampling site, but stems of spruce were scattered throughout. The 

ground was snow-covered at the time of sampling (June 2007), but scattered oval-leaved 

blueberry (Vaccinium ovalifolium Sm.), false azalea (Menziesia ferruginea Sm.) and 

bunchberry were noted.    

At site 3 (NSx3), Engelmann x white spruce hybrids were sampled along the 

Blunt Forest Service Road (Figure 4.1, Table 4.1). The site is positioned  on a mid-slope 

at ~1000 m elevation, within the ESSFk continental northern subzone, site series 05 

(Yole et al. 1989).  Thimbleberry (Rubus parviflorus Nutt.) and black huckleberry 

(Vaccinium membranaceum Douglas ex Torr.) dominated the understory vegetation. 

At site 4 (NDf4) Douglas-fir trees were sampled on a gentle slope adjacent to the 

Gullwing Forest Service Road, on the north side of Babine Lake (Figure 4.1, Table 4.1). 

This site was characterized by soils with moderate nutrient and moisture levels within the 

Sub-Boreal spruce (SBS) dry cool variant, site series 04 (DeLong et al. 1993).  Other 

species present include white x Englemann spruce with an understory dominated by 

soopolallie (Shepherdia canadensis (L.) Nutt.) and prickly rose (Rosa acicularis 

(Schwein.) W.H. Lewis). 

 Douglas-fir trees were sampled at site 5 (NDf5) on a south-facing, slight to 

moderate slope north of Francois Lake, adjacent to the Jake Forest Service Road (Figure 

4.1, Table 4.1). This site falls within the SBS dry cool variant, site series 06 (DeLong et 

al. 1993). Douglas-fir trees were found intermingled with black cottonwood (Populus 

trichocarpa (Torr. & A. Gray ex Hook.) Brayshaw) and hybrid Engelmann x white 

spruce. The shrub and herb layer was well-developed and included prickly rose, birch-
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leaved spirea (Spiraea betulifolia (Douglas ex Greene) Roy L. Taylor & MacBryde), 

fireweed (Epilobium angustifolium L.) and purple-peavine (Lathyrus nevadensis S. 

Watson). 

At site 6 (NDf6) Douglas-fir trees were sampled close to Valemount at Jackman 

Flats (Figure 4.1, Table 4.1). This unique ecosystem was formed by large deposits of 

sand from the Fraser River after the last ice age, and is characterized by sand dunes 

(Andrew 2006; Ministry of Environment 2011), at approximately 780 m asl (Andrew 

2006). The site is well drained (Meidinger et al. 1984) and falls within the Sub-Boreal 

Spruce dry hot biogeoclimatic zone variant 1, site series 01 (DeLong et al. 1993). 

Dominant understory vegetation includes juniper (Juniperus communis L.), prickly rose, 

soopolallie and birch-leaved spirea. 
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Figure 4.1:  Sampling sites in northern BC (triangles) and nearest climate stations to 

sampling sites (circles).  Sampling site ID is as follows: Lower Logging Road 

(NSx1) and Upper Ski Hill Road (NSx2), Blunt Forest Service Road (NSx3), 

Gullwing Forest Service Road (NDf4), Jake Forest Service Road (NDf5), 

Valemount - Jackman’s Flats (NDf6). 

 

 

4.4 Results 

Six ring width chronologies were constructed (Table 4.1). Maximum, mean, and 

minimum density chronologies were developed for Sx trees sampled at NSx1 and NSx2, 
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and from Fd samples collected from NDf4.  Due to their sampling proximity, samples 

from NSx1 and NSx2 were combined to form more robust maximum cell-wall thickness 

(XCWT) and minimum microfibril angle (NMFA) chronologies.  XCWT and NMFA 

chronologies were also developed for the NDf4 site. Larger numbers of cores were 

measured for density and fibre properties from the NSx1, NSx2, and NDf4 sites, thereby 

producing more accurately cross-dated and statistically representative chronologies. 
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Table 4.1: Master chronology statistics for Northern BC sample collection sites.  Sx = Engelmann x white spruce hybrids, Fd = 

Interior Douglas-fir. 

 

Site 
Name 

Chronology 
Type 

Species 
Number 
of cores 
(trees) 

Latitude N Longitude W 
Elevation 
 (m asl) 

Chronology 
Length 

(years AD) 

Interseries 
Correlation 

Mean 
Sensitivity 

EPS Cut Off 
Value 

(years AD) 

NSx1 RW Sx 23 (16) 54º 44.5’ 127º 13.9’ 890 1598-2006 0.448 0.165 1786 

NSx2 RW Sx 17 (13) 54º 45.9’ 127º 16.2’ 1430 1680-2006 0.493 0.195 1805 

NSx3 RW Sx 19 (17) 55º 05.7’ 127º 13.1’ 1100 1726-2006 0.507 0.169 1853 

NDf4 RW Fd 18 (14) 54º 29.9’ 125º 23.5’ 980 1754-2006 0.500 0.205 1855 

NDf5 RW Fd 16 (16) 54º 02.4’ -125º 22.2’ 839 1724-2006 0.525 0.212 1820 

NDf6 RW Fd 16 (16) 52º 56.7’ -119º 23.2’ 803 1728-2006 0.552 0.212 1780 

NSx1 MXD Sx 19 (13) 54º 44.5’ 127º 13.9’ 890 1610-2006 0.438 0.074 1791 

NSx1 MD Sx 20 (13) 54º 44.5’ 127º 13.9’ 890 1670-2006 0.465 0.054 none 

NSx1 MND Sx 16 (11) 54º 44.5’ 127º 13.9’ 890 1670-2006 0.352 0.073 none 

NSx2 MXD Sx 19 (14) 54º 45.9’ 127º 16.2’ 1430 1716-2006 0.633 0.106 1764 

NSx2 MD Sx 20 (14) 54º 45.9’ 127º 16.2’ 1430 1716-2006 0.536 0.068 1764 

NSx2 MND Sx 18 (13) 54º 45.9’ 127º 16.2’ 1430 1716-2006 0.401 0.081 1814 

NDf4 MXD Fd 7 (7) 54º 29.9’ 125º 23.5’ 980 1810-2006 0.499 0.076 1912 

NDf4 MD Fd 17 (11) 54º 29.9’ 125º 23.5’ 980 1810-2006 0.461 0.069 1912 

NDf4 MND Fd 14 (9) 54º 29.9’ 125º 23.5’ 980 1810-2006 0.354 0.077 1970 

NSx1 
and 2 XCWT Sx 19 (18) 

As listed 
above 

As listed 
above 

As listed 
above 1686-2006 0.473 0.109 1782 

NSx1 
and 2 NMFA Sx 13 (12) 

As listed 
above 

As listed 
above 

As listed 
above 1710-2006 0.364 0.074 none 

NDf4 XCWT Fd 7 (7) 54º 29.9’ 125º 23.5’ 980 1810-2006 0.474 0.085 1912 

NDf4 NMFA Fd 8 (8) 54º 29.9’ 125º 23.5’ 980 1810-2006 0.453 0.102 1940 
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Master chronologies extended into the 17
th

 century with a few trees exceeding 

400 years in age. However, EPS values limit most of the ring width master chronologies 

to mid-18
th

 century or early 19
th

 century, and most of the density and fibre chronologies 

to mid-19
th

 century for reconstruction purposes (Table 4.1). 

NSx1 MD and MND, NDf4 MND, and NSx1&2 NMFA chronologies were not 

used for further analysis due to unacceptable EPS values throughout the records. The 

NDf4 MD, MXD, XCWT and NMFA chronologies are shorter than the existing observed 

records from the local climate stations in the area (96, 96, 96 and 66 years long 

respectively), and are therefore only valuable to this study as an example of the type of 

information that can be derived from different and additional variables in climate 

reconstruction (Table 4.1). 

The NSx2 and NDf5 RW chronologies, along with the NSx1 and NSx2 MXD, the 

NSx2 MND, and the NDf4 XCWT chronologies were used for further analysis. These 

chronologies displayed the most reliability (EPS values > 0.80 for a significant duration) 

and minimal autocorrelation according to the Durbin-Watson statistic (ranging from 1.5 

to 2.2, with of value of 2.0 representing no autocorrelation) (Table 4.2).  These 

chronologies also displayed significant correlations with the annual climate periods 

investigated and thus highlight the benefits of multi-proxy reconstructions, and 

multivariate modeling. The other chronologies discussed above were not used due to 

either their abbreviated lengths to EPS values less than 0.80 or because of inter-proxy 

correlation when attempting multivariate regression. Many of the unused chronologies 

did show significant climate correlations with the local sampling areas, these correlations 
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were not explored further because some correlations had lower r-values, and others did 

not reinforce a logical relationship between tree growth and climate.  

Reconstructions were plotted in two different ways for the observed period: two 

data points per year in the same time series (ex. May-June precipitation reconstruction 

value followed by July-August precipitation reconstruction value) and in the traditional 

display, with one annual value for each time series line. Figures 4.2 and 4.3 show an 

expanded six-year section of each climate reconstruction, meant to clearly demonstrate 

that two data points of temperature and precipitation were reconstructed and plotted for 

each year, rather than one overall annual mean. Figure 4.4 and 4.7 show the two intra-

annual reconstruction values plotted on one line compared to the observed datasets; and 

Figures 4.5 and 4.8 show the two reconstructions separately, as they would traditionally 

be displayed. Figures 4.6 and 4.9 show both reconstructions incorporated into one line for 

the entire reconstruction period.  For the Smithers temperature reconstructions in Figure 

4.6, two points are displayed for each year – June temperature is plotted followed by 

average July-August temperature. For the Fort St. James precipitation reconstructions in 

Figure 4.9, two points are also plotted – average May-June precipitation followed by 

average July-August precipitation for each year.  
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Table 4.2: Statistics describing temperature reconstructions for Smithers, BC, and 

precipitation reconstructions for Fort St. James, BC (* = p < 0.05). 

  

Reconstruction 

Mean June 

Temperature 

(º C) 

Mean July-

August 

Temperature 

(º C) 

May-June 

Precipitation 

(mm) 

July-August 

Precipitation 

(mm) 

Chronology 

Collection Site 
NSx2 

NSx1 

NSx2 

NSx2 

NDf5 
NDf4 

Species and 

Proxies 
Sx RW 

Sx MXD 

Sx MXD 

Sx MND 

Fd RW 
Fd XCWT 

Chronology 

Length             

(to EPS,  

years AD) 

1805-2006 1791-2006 1820-2006 1912-2006 

Pearson's R 0.524 0.632 0.569 0.552 

R
2 0.274 0.399 0.323 0.305 

Durbin-

Watson 
1.952 1.503 2.201 1.850 

P-value 0.001 0.001 0.001 0.001 

RE 

Calibration 
  0.293*   0.357*   0.367*   0.261* 

RE 

Verification 
  0.263*   0.443*   0.327*   0.418* 
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Figure 4.2: A representative 6-year segment of the observed and predicted records 

of June and July-August temperature, from 1986 to 1991 for the Smithers 

area of BC.  The model shows two data points per growing season, one for 

each reconstruction, as opposed to the standard one annual data point.   
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Figure 4.3: A representative 6-year segment of the observed and predicted records 

of average May-June and July-August precipitation, from 1986 to 1991 for 

the Fort St. James area of BC.  The model shows two data points per 

growing season, one for each reconstruction, as opposed to the standard one 

annual data point. 

 

 
Figure 4.4:  Observed vs. predicted June, and average July-August mean 

temperatures (2 data points for each year) for Smithers to 1938. The light 

grey line is the observed record, and the dotted black line in the predicted 

record.  The smoothed lines represent 10-year running means for both the 

observed record (grey) and the predicted record (black). 
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Figure 4.5: Predicted June, and mean July-August average temperature for 

Smithers to 1900 based on spruce ring width and maximum latewood 

density chronologies. The smoothed lines represent 10-year running means 

for both predicted records. 
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Figure 4.6:  The reconstructed model of June, and average July-August mean temperatures for Smithers (to EPS cut off of 1791). 

The black line represents a 10-year running mean. 
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Figure 4.7: Observed and reconstructed average May-June, and average monthly 

July-August precipitation for Fort St. James, BC to 1895, the first available 

measured data from the Fort St. James meteorological station.  Light grey 

line is the observed record, and dotted black line in the predicted record.  

The smoothed lines represent 10-year running means for both the observed 

record (grey) and the predicted record (black). 

 

 
Figure 4.8: Predicted mean May- June, and mean monthlyJuly-August precipitation 

for the Fort St. James area to 1900 based on spruce minimum density and 

Douglas-fir ring width, and Douglas-fir maximum cell-wall thickness 

chronologies respectively. The smoothed lines represent 10-year running 

means for both the May-June record (grey) and the July-August predicted 

record (black). 
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Figure 4.9: The reconstructed model of Fort St. James average May-June, and 

average July-August total precipitation to EPS cut off of 1820. The black 

line represents a 10-year running mean. Model predictions prior to 1915 

include only those for the May-June reconstruction; note scale on x-axis 

changes at this point. 

 

4.4.1 Temperature 

Two summer temperature variables displayed strong relationships with tree-ring 

chronologies in the Smithers area. The RW chronology from NSx2 correlated 

significantly with the mean June temperature from Smithers, and was used to reconstruct 

a proxy temperature record extending to 1805 (Table 4.2; Figures 4.4, 4.5 and 4.6). The 

MXD chronologies collected from NSx1 and NSx2 correlated significantly with mean 

July-August temperatures from Smithers, and were used to reconstruct a multi-variate 

temperature proxy record for this area extending to 1791 (Table 4.2, Figures 4.4, 4.5 and 

4.6).  The predicted values for each of the proxy records correlate to the original observed 

datasets, providing verification that the models are accurate. Split verification revealed 
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that the models were significant at 95% for both verification and calibration time periods 

(Table 4.2).  

The regression model of mean July-August temperature did not demonstrate 

multicollinearity when looking at coefficient collinearity statistical tolerance or VIF 

values in SPSS, but did indicate multicollinearity in the regression eigenvalues and 

condition index values presented in the collinearity diagnostics in SPSS. Despite the 

presence of multicollinearity in the model of July-August temperature, the low-frequency 

trends in the reconstruction remain consistent with the observed data, and therefore it can 

be assumed that the trends in the reconstruction are accurate over time. Figure 4.4 shows 

that the reconstructed data follow the measured values accurately. This correspondence is 

especially important during periods of extreme change such as during the late 1970s and 

early 1980s when the measured and reconstructed records show a dramatic increase in 

temperature.   

Periods of cooler than average summer temperature are noted in the 

reconstructions from 1810-1820, 1860-1885, 1905-1915, 1930-1940, 1955-1965, 1975-

1980, and 1995-2000. Periods of warmer than average temperatures are noted in the 

reconstructions from 1791-1810, 1885-1905, 1920-1930, 1940-1950, 1980-1995, and 

2000-2006 (Figure 4.6).   

4.4.2 Precipitation 

Two summer precipitation variables displayed strong correlations with tree-ring 

chronologies in the Fort St. James area. Both the RW chronology collected on the NDf5 

site and the NSx2 MND chronology correlated with mean monthly May-June 

precipitation, and were used to reconstruct mean monthly May-June precipitation totals 
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for Fort St. James (Table 4.2, Figures 4.7, 4.8 and 4.9). Multicollinearity was shown in 

the eigenvalues and condition index statistics for this model. Multicollinearity inflated the 

standard errors of the predicted values leading to inaccuracy in the individual predicted 

years; however, the low-frequency trends are preserved and follow the trends shown in 

the observed data set (Figure 4.7). Examining the 10-year running mean, the only period 

when the reconstruction does not follow observed trends is from 1955-1965. During this 

decade the model underestimates the measured data.   

The XCWT chronology collected at the NDf4 site was significantly correlated to 

average monthly July-August precipitation, and was used to reconstruct a proxy record of 

average monthly July-August precipitation for Fort St. James (Table 4.2, Figures 4.7, 4.8 

and 4.9). The resulting proxy records date back to A.D. 1820 and 1912, respectively, with 

EPS values greater than 0.85.    

The predicted values for each of the proxy records correlate to the original 

observed datasets, and provide verification that the models are accurate. Split verification 

revealed that the models were significant at 95 % for both verification and calibration 

time periods (Table 4.2). Periods of greater than average precipitation are noted in the 

reconstructions from 1845-1855, 1905-1920, 1930-1935, 1950-1975, and from 2000-

2006. Drier than average periods are noted in the precipitation reconstructions from 

1830-1845, 1920-1930, 1940-1950, and from 1980-2000 (Figure 4.9).  
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4.5 Discussion 

4.5.1 Reconstructions 

The temperature reconstructions developed in this study show oscillations that are 

similar to those presented in previous dendroclimatic studies in western North America.  

Cool periods in the early 1800s and late 1800s are present in previous temperature 

reconstructions in western Canada (Briffa et al. 1992; Davi et al. 2003; Larocque and 

Smith 2005; Youngblut and Luckman 2008), and warmer-than-average conditions have 

been modelled for the mid-1900s (Briffa et al. 1992; Youngblut and Luckman 2008; 

Flower and Smith 2011). This study also shows a cooling trend during the early 1800s 

and a warming trend in the mid-1900s (Figure 4.6). Differences between studies are 

attributed to site-specific climate influences, such as local topography. 

The precipitation reconstruction developed in this study shows similar decadal 

variation to that presented by Watson and Luckman (2001). Wetter-than-average periods 

in the early 1900s and from the 1950-70s are present in both reconstructions, as well as a 

drier than average period during the 1940s.  

4.5.2 Climate and Tree Physiology 

The intra-annual detail provided by density and cell-wall thickness measurements 

provides an opportunity to reconstruct mean June and mean July-August temperatures as 

separate variables. Identifying seasonal growth response could reveal spring and summer 

climate differentiation unavailable from ring width data alone. This intra-annual response 

could provide insight useful for distinguishing spring floods, summer droughts, and early 

frosts.   
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Earlywood cells enlarge based on warm June temperatures accompanied by direct 

sunlight. Available sunlight and temperature increases photosynthesis thereby producing 

more energy for trees to allocate to the production and growth of earlywood cells, which 

leads to a greater ring width provided that ample water is also available to the tree 

(Kozlowski 1979; Barnett and Jeronimidis 2003). In the Smithers area RW shows the 

strongest response to June temperature. This finding indicates that trees complete the 

majority of their radial growth during the early summer months. This is the time of the 

season when the earlywood is being formed; earlywood cells are dividing and expanding 

in size (Kozlowski 1979). Based on the growth patterns of trees in northern BC, one 

would expect that radial growth, and ring width in particular, is still being formed in July 

(Green 2007).  Therefore, the reconstruction in this study, of solely June temperature 

using ring width may be unusual. However, a strong correlation between June 

temperature and ring width can be explained by examining the relationship between June 

temperature and tree growth initiation. In the Smithers area, the majority of the variability 

in ring width from year to year is probably established early based on date of growth 

initiation.  In years when trees are able to start growing sooner because of warmer June 

temperatures, they will have wider rings, and in years when growth cannot begin until 

later due to cool June temperatures, rings will be narrower. One factor affecting tree 

growth initiation at the Smithers study site, which is also related to June temperature, is 

the date of spring snow melt. Lingering snowpacks can hinder tree growth on northern, 

high-elevation sites, but can also act as a protective barrier from spring frost (Bär et al. 

2008).  In years when spring temperatures are lower-than-average, snow typically lingers 

on the ground for longer, which may lead to later growth initiation in trees. Conversely, 
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lingering snow may protect some trees from spring frosts and thereby enable the trees to 

begin growing.  

Maximum ring density chronologies for both the NSx1 and NSx2 sites were 

strongly correlated to mean July-August temperatures. This finding indicates that 

latewood formed in the latter half of the summer months when growing season cues, such 

as photoperiod, trigger cell-wall thickening (Savva et al. 2010). Sustained warm 

temperatures later in the summer have a positive effect on the latewood density; higher 

temperatures allow for more cellulose and lignin to be deposited in the cell walls, 

therefore increasing the density of the wood (Kozlowski 1979; Conkey 1986). 

Probable physiological responses to climate variables can also be identified in the 

precipitation reconstructions for the Fort St. James area (NDf5). At the NDf5 site, the 

annual ring width was positively correlated to May and June precipitation. Earlywood 

cells formed at this time require water for enlargement and, therefore, the more 

precipitation available the larger the cells are likely to become (Conkey 1986), thereby 

increasing the width of the annual ring. The trees sampled at this site represent some of 

the most northerly growing Douglas-fir trees in the BC interior and, therefore, a response 

to temperature as a limiting factor for growth was anticipated.  However, these trees show 

a response to precipitation. It is possible that due to their close proximity to Babine Lake, 

this stand of trees was exposed to a more moderate temperature than other areas in the 

northern interior at this latitude, and therefore precipitation became the most limiting 

factor for radial growth.   

The annual minimum density measured at the NSx2 site was positively correlated 

to May and June precipitation levels measured in Fort St. James. This means that at times 
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with greater spring precipitation amounts, the lower range of density values, which are 

usually found in the earlywood, are higher. This finding is opposite of what was expected 

– usually greater precipitation leads to larger and less dense earlywood cells. This 

physiological outcome indicates that the cells enlarging during May and June did not 

respond well to the presence of increased precipitation; denser wood in the spring-

enlargement phase of growth indicates that cells are unable to grow to a large size. It is 

possible that due to the high elevation of this site (1500 m asl) the ground remains 

covered with snow and freeze –thaw events are occurring. If this is the case, as it was in 

the year the core samples were collected, the trees at this site are subjected to a large 

amount of spring run-off, and the ground becomes saturated. Additional precipitation 

may actually hinder cellular growth in trees because soil saturated with water reduces 

nutrient availability and gas exchange (Rodrguez-Gonzalez et al. 2010). Decreased 

cellular growth means that the tracheids produced will have a lower lumen to cell size 

ratio, which equates to wood with a higher minimum density. It is also possible that at 

this site, increased precipitation is accompanied by increased cloud cover, leading to less 

photosynthetic capability in the trees, and therefore also producing smaller, denser cells 

in May and June (Kozlowski, 1979).  

The trees from the NSx2 site show responses to both temperature and 

precipitation. According to the rule of limiting factors (Fritts 1976), only one limiting 

factor must be dominant at a site in order to correctly reconstruct that factor based on the 

tree`s growth. It is possible in the case of site NSx2 to see two limiting factors 

reconstructed because multiple chronologies were developed from the trees on this site. 

Precipitation is reconstructed based on minimum density values, which is logical because 
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earlywood cells are very sensitive to soil water levels, and temperature is reconstructed 

based on maximum density, which is logical because latewood cells are more sensitive to 

temperature influences (Davi et al. 2002). Therefore more than one limiting factor is 

influencing the growth throughout the season in this stand, but only one limiting factor is 

predominantly influencing any one wood property at a given time.  

Maximum cell-wall thickness was negatively correlated to the mean July-August 

precipitation levels at the NDf4 site. This finding indicates that as the precipitation levels 

increased, the cells produced on average were lower in density. During July and August, 

wood formed in the annual ring has completed its cell enlargement phase and has moved 

into cell-wall thickening. A negative relationship between cell-wall thickness and 

precipitation exists at this time. The relationship shown in these samples indicates that 

increased precipitation was preventing cell-wall thickening from taking place at its 

optimal rate. This observation may be a consequence of cloud cover as noted previously.  

Higher levels of precipitation are accompanied by increased cloud cover, which decreases 

the energy available to the tree for the deposition of cellulose and lignin fibres to the cell 

wall, therefore decreasing the maximum density (Polge 1970). 

Green (2007) reported that apical growth in northern interior spruce seedlings 

depends upon the elevation of the growth site. Growth initiation of seedlings between 800 

m and 1400 m asl occurred around June 20
th

, while apical growth cessation occurred 

approximately 60 days later for those trees grown below 1200 m asl (August 20
th

) and 50 

days later for seedlings grown ~1400 m asl (August 10
th

). Cessation of stem elongation 

coordinates with the timing of demarcation events in juvenile conifers, however, mature 

trees likely show a vast difference in their timing of demarcation, probably at least 2-3 
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weeks earlier (Kozlowski et al. 1991), to allow for adequate deposition of cell carbon and 

lignin material to maintain the structural integrity of mature standing timber. This 

difference in timing of demarcation would also account for differences in juvenile wood 

as compared to mature wood – juvenile trees do not have as long to deposit cell material 

prior to the end of the growing season because their energy is used for stem elongation, 

and therefore the wood produced is not as rigid (Burdon et al. 2004). In contrast, mature 

trees allocate fewer resources to stem elongation and, therefore resources are allocated to 

cell-wall thickening in the last weeks of the growing season. This observation explains 

why trees in this study were sensitive to climate variables into August; cell-wall thickness 

and density will increase with more warmth and water availability later in the growing 

season, which allows for a reconstruction of July-August temperature or precipitation as 

well as a reconstruction of early season climate variables. 

4.5.3 Multi-Proxy Data 

There are a number of advantages to exploring a variety of wood properties for 

use as proxies in dendroclimatology. Climate affects each wood property in much the 

same way that ring width is affected: the better (or more optimal) the growing conditions, 

the more wood that develops (Savva et al. 2010).  However, the benefit of using wood 

properties in dendroclimatological reconstructions lies in the fact that measuring wood 

over a finer scale lends insight into what the climate is doing within the growing season, 

instead of simply an average output of growing conditions over the entire growing 

season; as is the case with ring width (Figures 4.2 and 4.3).   

Creating a model based on more than one proxy serves to strengthen that model.  

Multivariate reconstructions of climate often have stronger regression statistics (greater 
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R
2
 values) (Conkey 1986) and show better correlations to the original climate data. This 

study supports this concept: when May-June precipitation was reconstructed for the Fort 

St. James area of BC using RW and MND, the reconstruction showed an R
2
 value of 

0.323, indicating that 32% of the variation in the RW and MND variables combined can 

be explained by precipitation variation in the region. However, when May-June 

precipitation is reconstructed using RW alone the R
2
 value is only 0.202, which has 

significantly lower explanatory power.   

The previous example is unique because it is not only based on the use of multiple 

variables to create the model, but also multiple species. The RW chronology used for this 

model was created from Fd samples, and the MND chronology from Sx samples. The 

assumption in this model is that, because the RW of Fd grown on NDf5 is oscillating in 

the same pattern as the MND of Sx grown on NSx2, and both correlate significantly with 

mean May-June precipitation for the Fort St. James region, both sets of trees are being 

affected by precipitation in the same way. To examine this conclusion, a comparison of 

the variation in average total May-June precipitation totals at Fort St. James and 

Smithers, along with measurements from Burns Lake, a meteorological station located 

between the two sampling sites (54° 22.8’ N, 125° 57’ W, 713 m asl), from 1950-2005, is 

shown in Figure 4.10. Given that precipitation totals for this period of the spring are 

somewhat similar across the sampled region, as is shown in Figure 4.10, it is fair to 

assume that Sx sampled from NSx2 and Fd sampled from NDf5 are receiving similar 

water inputs, and therefore display similar growth limitations based on May-June 

precipitation. 
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Figure 4.10: Comparison of average total May-June precipitation levels from 

Smithers, Fort St. James, and Burns Lake. 

 

Although the duration of the NDf4 chronology is short, and does not allow for 

reconstruction of climate variables earlier than those that already exist for Fort St. James, 

this relationship can be used to examine how robust a parameter such as maximum cell-

wall thickness is for climate reconstruction.  Insights into how climate variables change 

over the course of the late summer months can be made using cell-wall thickness as a 

proxy. Using multiple proxies improves the level of detail in climate reconstructions over 

what was previously feasible with ring width alone, where only information about one 

month, or a general mean precipitation or temperature variable for the whole summer. 

For example, the reconstruction of June and July-August temperatures (Figure 4.5) shows 
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that during the early 1950s June temperature actually was higher than the mean July-

August temperature for the Smithers region. Although 1950 is a year for which we have 

measured records, it is an example of the kind of information that could be gained from 

an extended reconstruction using multiple proxies. Identifying unique years such as this 

warm period in the early 1950s could potentially act as an explanation for phenomena 

such as extreme forest fire conditions, or extended drought, and therefore be important to 

forest managers for planning prescribed burning schedules and budgeting for fire season 

resources, and to local communities for planning water use.   

4.6 Conclusion 

This chapter investigated historical climate trends in northern BC through the use 

of tree-ring proxies, and established a means of reconstructing intra-annual climate 

patterns from wood density, fibre properties and tree-ring width data. Specific attention 

was given to investigating how dendroclimatological analyses of intra-ring wood and 

fibre properties can be interpreted to improve proxy climate records. 

A mean June temperature proxy record dating to 1805 and a July-August mean 

temperature proxy record for Smithers extending from 1791-2006, were constructed from 

spruce ring width and maximum density chronologies. Douglas-fir ring width, spruce 

minimum density, and Douglas-fir maximum cell-wall thickness chronologies were used 

to reconstruct a May-June precipitation record extending from 1820-2006, and a July-

August total precipitation record for Fort St. James that extends from 1912-2006. 

The results presented in this chapter demonstrate that a combination of 

multivariate and single-variate analyses provide detailed insights into seasonal radial 

growth characteristics. These findings allowed for the reconstruction of intra-seasonal 



126 

 

 

 

 

climate variables that reflected physiological responses to climate at different times 

throughout the growing season. Intra-seasonal historical climate information provides 

insight into climate phenomena such as extreme drought years, floods, and shorter-than-

average growing seasons by elucidating temperature and precipitation fluctuations 

throughout the growing season. Although trees in this region are relatively young due to 

natural and anthropogenic disturbance regimes, detailed historical climate records are 

available through the use of multiple wood proxies. 
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5 Dendroclimatic Relationships and Wood Quality in Interior 
British Columbia 

 

5.1 Introduction 

Mean annual temperatures in British Columbia (BC) are expected to warm 

between 1 and 4˚C over the next century.  Precipitation events are also expected to 

increase in intensity and severity (IPCC WG1 2007). These climate changes will 

undoubtedly have an impact on BC’s forests.   

Trees are highly dependent on the specific climate conditions to which they are 

genetically adapted (Kozlowski 1979; Larsen 1993; Wang et al. 2006). The forecasted 

changes in climate are certain to induce changes in the cellular wood structure which 

could lead to changes in wood quality. Warmer temperatures may result in enhanced 

annual radial growth, which would lead to lower density wood unfit for use as 

dimensional lumber. Forest managers and communities in BC need to understand these 

tree growth responses to adjust economic and recreational objectives, modify wood-

processing facilities, and develop appropriate forest policy and stand management plans 

to accommodate the impacts of climate change on wood quality (Spittlehouse 2007).  

The goal of the research presented in this chapter was to investigate the historical 

impact that climate changes have had on wood development and quality in the forests in 

specific regions of interior British Columbia. This study sought to identify the impact that 

past climate trends had on various wood quality measures. The findings of the research 

provide preliminary insights as to whether future climates are likely to have a positive or 

negative impact on wood quality in BC’s interior spruce (Sx) and Douglas-fir (Fd). 
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5.2 Research Background 

The term wood quality is often used in discussions concerning the contributions 

of cell growth and maturation to the radial development of a tree. For the purposes of this 

chapter, wood quality is identified as a function of the properties that characterize the 

composition of wood that are desirable or undesirable for use by humans. For example, 

high-density wood, with a high percentage of latewood in each annual ring, or a high cell 

wall-to-cell lumen diameter ratio (Figure 5.1), is often desired by solid wood and pulp 

and paper manufacturers for its increased strength properties and high fibre yield. Wood 

with long tracheids and lower lignin content is preferred for producing most paper types 

(Taylor et al. 1982).    

Functional properties of wood products, such as axial stiffness and longitudinal 

shrinkage, are characteristics that rely heavily upon microfibril angles (MFA) in the S2 

layer of the secondary cell wall. Microfibrils are bundles of cellulose fibres, and their 

angle refers to their orientation from the longitudinal direction within the tree (Figure 5.2) 

(Ansell 2011).  

 

Figure 5.1: Scanning electron microscope images  of lodgepole pine, depicting typical 

softwood structure: 1) cell lumen diameter, 2) cell wall thickness, 3) earlywood, 

and 4) latewood.  Images captured by the Pulp and Paper Research Institute of 

Canada, 2005. 
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Figure 5.2: Layering of the cell wall in a typical tracheid (Source: Haygreen and Bowyer 

1996, p. 49). 

 

As MFA increases, longitudinal shrinkage increases exponentially and stiffness in 

the axial direction decreases, neither of which are desirable characteristics for solid wood 

products. Cave (1968) notes that cell-wall stiffness increases five-fold with a decrease 

from 40° to 10° in mean MFA. MFAs greater than 35° lead to shrinkage as high as 5% of 

the total board length. For solid wood of good quality, it is important that MFAs are as 

low as possible with respect to the longitudinal direction; low stiffness leads to strength 

issues, and high shrinkage leads to warping of timber, which are both serious wood 

quality issues (Barnett and Jeronimidis 2003). Fundamentally, each anatomical 

characteristic of wood fibres, including tracheid diameter, luman diameter, cell-wall 

thickness, and MFA, directly control the mechanical properties of wood and fibres, which 

affects the quality of fibre-related products (Burdon et al. 2004; Vahey et al. 2007).   
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Climate conditions have a large influence on the development of radial cells 

throughout the growing season, and therefore can provide insight into the quality of wood 

growing in a specific area. The annual growth of coniferous tree rings in the northern 

hemisphere begins with the production of large radial earlywood cells (Barnett and 

Jeronimidis 2003). As environmental conditions change through the summer months, the 

cells transition to smaller and thicker-walled latewood cells (Brown et al. 1949; Barnett 

and Jeronimdis 2003).   

  Earlywood cells are generally thin-walled and have a large lumen diameter and, 

therefore require high levels of water absorption from the soil to maintain turgor pressure 

(Creber and Chaloner 1984; Barnett and Jeronimidis 2003). Without sufficient 

precipitation in the spring to optimize soil water levels, transpiration could potentially 

exceed water uptake, which leads to reduced turgor pressure and desiccation. This 

response would result in smaller earlywood cells and a narrow annual ring (D’Arrigo et 

al. 1992).  

 Latewood cell transition begins when stored energy reserves are depleated and the 

tree is relying on the current growing conditions to undergo photosynthesis for energy.  

Tracheid cell walls characteristically thicken and lumen size decreases in latewood (Wort 

1962). Tracheid secondary wall development is a complex process of crystallization of 

cellulose fibres, bonding of hemi-celluloses, and layering of lignin fibres. Less water is 

required to maintain the integrity of latewood cells due to their lignin wall structure and 

smaller lumen, so some loss of turgor pressure is less of an issue at this stage of 

development (Kozlowski 1979; Barnett and Jeronimidis 2003). A reduced daily 

photoperiod triggers the production of latewood, which is continually produced until the 
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onset of dormancy. It is the complex interaction between environmental factors, 

photosynthetic capacity, and hormone synthesis that produces the sub-annual 

differentiation of earlywood and latewood. 

Climate variables such as air temperature and precipitation directly affect the 

energy accumulation within a tree by influencing the ongoing net photosynthesis. Net 

photosynthesis equals the current rate of photosynthesis minus the rate of respiration.  

Extreme temperatures and exceptionally dry periods reduce photosynthesis; hot 

environments cause high respiration levels (energy consumption) to exceed energy 

production, which results in a net loss in photosynthesis (Fritts 1965). During periods 

when net photosynthesis is low, radial growth is significantly slowed. Temperature is the 

decisive climatic factor affecting radial growth of trees under northern climate conditions 

(Mikola 1962). Mean summer temperature values are often positively correlated with 

radial tree growth (D’Arrigo et al. 1992; Davi et al. 2002; Watson and Luckman 2002; 

Savva et al. 2010); warmer temperatures induce higher net photosynthesis (to a certain 

threshold), which translates into increased radial growth. Variation in net photosynthesis 

produces variation in the size of tracheids, and the amount of cellulose, hemicellulose, 

and lignin that can be stored in cells walls and thereby produces wood of varying quality.  

It is logical then, to assume that local and regional climate patterns directly affect the 

quality of wood. 

Investigation of tracheid formation is essential for assessment of wood quality. 

Dufour and Morin (2007) conducted a study in tracheid development where timing of cell 

enlargement and thickening was measured through micro-sampling. Based on mature 

stands of black spruce (Picea mariana) located along a north-south transect in Québec, 
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four stages of cell development were defined: the cambial zone, the radially enlarged 

xylem zone, the zone of secondary wall thickening, and the mature zone. The cambial 

zone is characterized by small, square, thin-walled cells and the radially enlarged xylem 

zone contains larger, rounded cells. The zone of secondary wall thickening is 

distinguished by cells set inwardly, which demonstrate birefringence under light; 

birefringence is a phenomenon by which “…polarized light is split into two components 

upon entering the fibre…” (Page and El-Hosseiny 1974). Lastly, the mature zone is 

characterized by uniformly thickened cell walls. Dufour and Morin (2007) reported that 

the cell enlargement begins around May 20
th

 for black spruce at ~50º N latitude, while 

final stages of cell thickening are completed by August 20
th

. A mature zone of cells is 

produced until mid-September, when dormancy is represented by the cessation of all 

annual growth (Dufour and Morin 2007).   

Deslauriers et al. (2007) examined the breakdown of tree cell development by not 

only measuring cell properties throughout the growing season, but also by verifying these 

measurements with dendrometer data. Working in the eastern Italian Alps, they observed 

that June to mid-August marked the seasonal growing period for Norway spruce (Picea 

abies) found at ~2000 m a.s.l. in the study. In contrast, stands at 1000 m a.s.l. started 

growing as early as the beginning of May.   

Tardif et al. (2001) conducted a detailed study of radial development using 

dendrometers in north-western Québec. They identified three distinct periods in the 

growing season of seven different boreal tree species. Initiation of radial growth began 

around April 20
th

. From May through to mid-June all species increased in radial diameter 

in response to increases in soil and air temperature. The final period of the growing 
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season from June to mid-July saw a steep and continuous increase in radial diameter.  

This period was positively associated with precipitation and soil temperature and 

negatively associated with photoperiod (Tardif et al. 2001).  

It is important to note that the timing of cell development depends upon the 

location of growth. The only available data concerning timing of radial growth in interior 

BC was conducted by Green (2007). He measured the growth of interior spruce (Picea 

glauca x engelmannii), lodgepole pine (Pinus contorta), and subalpine fir (Abies 

lasiocarpa) seedlings. He noted that stem growth initiation in interior spruce begins 

around June 20
th

, with cessation of stem elongation around August 20th. The timing of 

the growth varied by species, and along elevational gradients. Since the study was 

conducted on seedlings, it is difficult to apply results to mature trees. Wood quality 

differences between juvenile and mature trees are pronounced due to the increased 

percentage of the growing season allocated to cell-wall thickening in mature stages of 

growth (Haygreen and Bowyer 1996). 

The stages of tracheid development are each affected by different parts of the 

growing season: spring and early summer temperatures and precipitation levels likely 

affect cell differentiation, division and enlargement stages; whereas late summer and 

early fall climate impact cell-wall thickening. To determine how wood quality is affected 

by climate, it is necessary to establish which component of tracheid formation is affected 

by which climate parameter over the growing season. An investigation of wood quality is 

carried out in this study by correlating various area-specific measurements of temperature 

and precipitation to wood density, cell-wall thickness, and microfibril angle. Time series 

were developed to predict wood properties based on the climate correlations, and the 
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predicted values were compared to measured wood property values to assess the ability 

of using climate parameters to predict wood quality.  

5.3 Methods 

Tree-ring samples were collected from five sites: four sites in northern BC and 

one site in southern BC (Figure 5.3). All of the sites contain mature, mixed-species that 

are predominantly softwoods, in open canopy forests. Sites were located on well-drained, 

nutrient-rich sites found in close proximity to long-term climate stations. High-elevation 

or northerly-latitude sites were identified to ensure that climate was the most important 

factor limiting tree growth. Samples were collected from three hybrid white x Engelmann 

spruce (Picea glauca (Moench) Voss x engelmannii (Parry)) stands in the Smithers area 

(sites A (NSx1), B (NSx2), and C (NSx3); Table 5.1), as well as from Douglas-fir 

(Psuedotsuga menziesii (Mirb.) Franco) trees located at sites near Babine Lake (site D 

(NDf4); Table 5.1) and Pemberton (site E (SDf7); Table 5.1; Figure 5.3).  
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Figure 5.3: Sampling sites (triangles): site A and B (Hudson Bay Mountain), site C 

(Blunt Forest Service Road), site D (Gullwing Forest Service Road), site E 

(Owl Creek Forest Service Road). Climate stations (circles) with longest 

records in closest proximity to sampling sites: Smithers, Fort St. James, 

Agassiz.   

 

Two 5 mm cores and one 12 mm core were collected from each tree at breast 

height (Stokes and Smiley, 1968). The 5 mm cores were collected from opposite sides of 

the tree stem, on the side slope wherever possible. The 12 mm cores were collected 

directly beneath one of the 5 mm core sampling sites. The 5 mm cores were allowed to 

air dry, glued to a grooved mounting board, and were sanded until the annual ring 
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boundaries were clearly visible (Stokes and Smiley 1968). Mounted cores were scanned 

with a high resolution Epson XL1000 flatbed scanner to create digital images, which 

were used to measure the width of each annual ring to 0.001 mm using Windendro® 

software (Version 2006). Annual rings that were exceptionally narrow or unclear were 

measured to 0.001 mm using a Velmex® tree-ring measurement system equipped with a 

trinocular boom-mounted microscope and CCD video display. 

Following air drying each 12 mm core was prepared for densitometric analysis by 

gluing it flush to the surface of a 2.5 cm-wide fibreboard block. Once dry, a 2 mm thick 

wood lath was cut (pith to bark) with a Waltech high precision twin-bladed saw to reveal 

the radial surface of the core (Haygreen and Bowyer 1996). 

Resins add to wood’s structural mass (Lenz et al. 1976) and must be removed 

prior to wood density measurement. In this instance, wood resins were chemically 

extracted using an acetone Soxhlet apparatus (Jensen 2007). Acetone was placed in a 

round-bottomed flask resting on a hot plate, and the wood lathes were placed in the 

Soxhlet chamber sealed by a condenser cycling cold tap water. Acetone was cycled over 

the samples for five hours by consecutively evaporating and condensing the liquid to 

remove the resins (Schweingruber et al. 1978; Grabner et al. 2005).   

  The 12 mm diameter samples were air-dried after resin extraction and mounted 

vertically on pins in an ITRAX scanning densitometer. To ensure accurate light 

attenuation by the laser scanner care was taken to orient samples perpendicular to the x-

ray beam. Scanned images were measured using Windendro® ITRAX density software 

(Version 2008b). 
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Sectioned and extracted 12 mm x 2 mm samples were sent to Dr. R. Evans at the 

Australian Commonwealth Scientific and Research Organization (CSIRO) for SilviScan 

analysis. The SilviScan system allows for precise measurement of density, microfibril 

angle and tracheid radial and tangential diameters, and also calculates cell-wall thickness 

[1] (Vahey et al. 2007; Lundgren 2004; Jones et al. 2005). The 12 mm radial width of the 

core was trimmed to a precise 7 mm prior to scanning with SilviScan.  

Various wood property measurements were obtained as tree-ring series from 

Windendro and/or the SilviScan: total ring width (RW); maximum, mean, and minimum 

density (MXD, MD, MND); maximum, mean, and minimum microfibril angle (XMFA, 

MMFA, NMFA); maximum, mean, and minimum radial and tangential diameters (XRD, 

MRD, NRD and XTD, MTD, NTD); and maximum, mean, and minimum fibre 

coarseness (XC, MC, NC). Data for maximum, mean, and minimum cell-wall thickness 

(XCWT, MCWT, NCWT) were calculated by SilviScan as a function of the measured 

density (d), coarseness (C), and cell perimeter distance (P) [1]; cell perimeter (P) is 

calculated using  radial vs. tangential cell diameter dimensions [2] (Vahey et al. 2007; 

Lundgren 2004).  

   CWT = P/8 – ½ (P/16 – C/d)
1/2 

   [1]  

where:    P = 2 (R + T)       [2] 

and, R and T are the radial and tangential tracheid diameters, respectively (Jones 

et al. 2005).  
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5.3.1 Chronology Development 

Each series was cross-dated with respect to characteristic annual ring patterns. 

The series cross-dating was verified using COFECHA (Holmes 1983), and annually 

resolved RW chronologies were developed for each species.  

Chronologies were developed for each of the wood properties listed above. 

Changes made to the time series during the ring width cross-dating process, such as the 

deletion of a false ring or adjustment of dates due to broken core segments, were applied 

over all of the measured wood property chronologies from the same samples to ensure 

consistency.  

The time-series created in COFECHA were transformed to ARSTAN master 

chronologies to eliminate non-climatic variation (Cook and Holmes 1986). A negative 

exponential curve was applied to series showing age-related growth trends (Fritts 1976). 

Following this, a smoothing spline was applied to the RW chronologies, with a 

frequency-response cut-off set to 67% to remove non-climate impacts (Cook and 

Kairiukstis 1990). Previous research has shown growth trends due to factors such as 

inter-tree competition are not pronounced in densitometric tree-ring chronologies 

(Conkey 1986). Consequently, only a first-order detrending was carried out on density 

and fibre property series, using negative exponential or straight line fits. To eliminate 

autocorrelation issues, only the pre-whitened residual ARSTAN chronologies were used. 

5.3.2 Modelling 

The standardized and detrended master chronologies were compared to the 

climate data from the station closest to the sampling location (Smithers, Fort St. James, or 

Agassiz). Instrumental climate data were obtained from the Adjusted Historical Canadian 
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Climate Data website (http://www.cccma.ec.gc.ca/hccd/) for the Smithers (station 

#1077500, Lat 54º 82’ N, Long 127º 18’ W, 522 m asl), Fort St. James (station 

#1092970, Lat 54º 45’ N, Long 124º 25’ W, 686 m asl), and Agassiz climate stations 

(station #1100120, Lat 49˚ 25’ N, Long121˚ 77’ W, 15 m asl ) (Figure 5.3). 

Initial climate – tree growth relationships were established with a response 

function in PRECON version 5.17B (Fritts, 1999). Correlations were identified between 

the climate data and indexed chronologies for the most recent half of the available 

climate data (1950 to present). Where significant relationships existed, regressions were 

carried out to hind-cast wood property measurements using climate data as a proxy for 

wood properties. Wood property data from 1950 to present were used as the dependent 

variable in the model, and climate data from as early as possible (1938 or 1895) was used 

as the independent variable. Temperature and precipitation were used to predict the 

various wood parameters in these models. Wood property models were restricted in 

length to expressed population signal (EPS) values of ≥ 0.85 with only one decade of this 

time permitted to drop to an EPS value of ≥ 0.80 (Wigley et al. 1984). Once successful 

models of wood properties were made, they were verified using correlation to the known 

wood measurements for the last ~100 years, and using split verification. To ensure that 

the observed correlations were true and not caused by autocorrelation, the Durbin-Watson 

statistic was used; values of 2.0 were considered to have no autocorrelation, and values 

equal or less than 1.0 were deemed positively autocorrelated. 

5.4 Observations  

Twenty-five chronologies were developed from the ring width, density and fibre 

parameters measured. These chronologies were compared to climate data from 1950-

http://www.cccma.ec.gc.ca/hccd/
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present, and the strongest relationships were used to reconstruct wood properties prior to 

1950. Ten reconstructions for select fibre properties were developed to demonstrate the 

feasibility of predicting wood attributes based on climate parameters. 

5.4.1 Ring width Chronologies 

Only chronologies displaying reliable EPS values ( > 0.80) for a significant 

duration ( > 50 years) and with minimal autocorrelation according to the Durbin-Watson 

statistic, are discussed (Table 5.1). Five RW chronologies were created: a spruce 

chronology (Sx) extending from 1598-2006 at site A (EPS cut-off 1786); a Sx 

chronology from site B extending from 1680 to 2006 (EPS cut-off at 1805); a Sx 

chronology extending from 1726-2006 at site C (EPS cut-off 1853); a Douglas-fir (Fd) 

chronology extending from 1754- 2006 at site D (EPS cut-off 1855); and, a Fd 

chronology extending from 1672- 2006 at site E (EPS cut-off 1780) (Table 5.1). 

5.4.2 Density Chronologies 

Density chronologies were successfully constructed from samples collected at 

sites A, B and D (Table 5.1). At site A, this included an Sx MXD chronology extending 

from 1610-2006 (EPS cut-off 1791), as well as an Sx MD (1670-2006) and an Sx MND 

(1670-2006) with unacceptable EPS values (Table 5.1). At site B, three Sx chronologies 

were constructed: an MXD extending from 1716-2006 (EPS cut-off 1764); an MD 

chronology extending from 1716-2006 (EPS cut-off 1764); and an MND chronology 

extending from 1716-2006 (EPS cut-off 1814) (Table 5.1). Lastly, at site D, two Fd 

chronologies were constructed: an MXD chronology extending from extending from 
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1810-2006 (EPS cut-off 1912); and an MD chronology extending from 1810-2006 (EPS 

cut-off 1912) (Table 5.1).  

5.4.3 Fibre Chronologies 

Two types of fibre chronologies were successfully constructed from samples 

collected at sites A, B, D, and E (Table 5.1). XCWT chronologies were constructed from: 

samples collected at sites A and B, which were combined to create an Sx chronology 

extending from 1686-2006 (EPS cut-off 1782); samples collected at site D to form an Fd 

chronology extending from 1810-2006 (EPS cut-off 1912); and, samples collected at site 

E that form an Fd chronology extending from 1686-2006 (EPS cut-off 1787) (Table 5.1). 

An MCWT chronology was also created for site E that spans the interval from 1688-2006 

(EPS cut-off 1787), but includes a low population signal from 1865-1940 (Table 5.1). 

NMFA chronologies were constructed from samples collected at sites A and B to 

form a combined Sx chronology extending from 1710-2006 EPS significant only from 

1870-1920; and at site D to form an Fd chronology that extends from 1810-2006 (EPS 

cut-off 1940) (Table 5.1). At site E, an NMFA Fd chronology was created extending 

from 1690-2006, EPS significant only from 1775-1850. MMFA and XMFA Fd 

chronologies were also developed from samples collected at site E, but only the MMFA 

chronology extending from 1705-2006 (EPS cut-off 1917) contains an acceptable record; 

the XMFA chronology did not meet acceptable EPS values (Table 5.1).   

A NRD chronology was developed for site E, but the EPS cut off revealed that the 

whole time series was below acceptable population signal level (Table 5.1). 
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Table 5.1: Master chronology statistics for BC wood quality sample collection sites.  

Sx = Engelmann x white spruce hybrids, Fd = Interior Douglas-fir. 

 

Chronology 
Type 

Species 
Site 

Name 

Number 
of cores 
(trees) 

Chronology 
Length 

Interseries 
Correlation 

Mean 
Sensitivity 

EPS ≥ 0.80 

RW Sx A 23 (16) 1598-2006 0.448 0.165 1786-2006 

RW Sx B 17 (13) 1680-2006 0.493 0.195 1805-2006 

RW Sx C 19 (17) 1726-2006 0.507 0.169 1853-2006 

RW Fd D 18 (14) 1754-2006 0.500 0.205 1855-2006 

RW Fd E 18 (15) 1672-2006 0.555 0.216 1780-2006 

MXD Sx A 19 (13) 1610-2006 0.438 0.074 1791-2006 

MD Sx A 20 (13) 1670-2006 0.465 0.054 None 

MND Sx A 16 (11) 1670-2006 0.352 0.073 None 

MXD Sx B 19 (14) 1716-2006 0.633 0.106 1764-2006 

MD Sx B 20 (14) 1716-2006 0.536 0.068 1764-2006 

MND Sx B 18 (13) 1716-2006 0.401 0.081 1814-2006 

MXD Fd D 7 (7) 1810-2006 0.499 0.076 1912-2006 

MD Fd D 17 (11) 1810-2006 0.461 0.069 1912-2006 

MND Fd D 14 (8) 1810-2006 0.354 0.077 1970-2006 

MXD Fd E 8 (7) 1638-2006 0.406 0.114 None 

XCWT Sx A & B 19 (18) 1686-2006 0.473 0.109 1782-2006 

XCWT Fd D 7 (7) 1810-2006 0.474 0.085 1912-2006 

XCWT Fd E 13 (12) 1688-2006 0.503 0.083 1787-2006 

MCWT Fd E 11 (11) 1688-2006 0.443 0.067 1787-2006 

NMFA Sx A & B 13 (12) 1710-2006 0.364 0.074 1870-1920 

NMFA Fd D 8 (8) 1810-2006 0.453 0.102 1940-2006 

NMFA Fd E 8 (8) 1690-2006 0.377 0.094 1775-1850 

MMFA Fd E 10 (10) 1705-2006 0.401 0.065 1917-2006 

XMFA Fd E 10 (10) 1705-2006 0.374 0.102 None 

NRD Fd E 8 (8) 1689-2006 0.330 0.056 None 
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Table 5.2: Statistics describing proxy wood quality reconstructions for specific sites in interior BC (* = p < 0.05). 

Reconstruction 

Interior 

Spruce 

MXD 

Interior 

Spruce 

XCWT 

Interior 

Spruce 

NMFA 

Interior 

Spruce 

RW 

Douglas

-fir 

MXD 

Douglas

-fir 

XCWT 

Douglas

-fir RW 

Douglas-

fir XCWT 

Douglas-

fir MMFA 

Douglas-

fir NRD 

Region 
North- 

Smithers 

North- 

Smithers 

North- 

Smithers 

North- 

Smithers 

North- 

Babine 

Lake 

North- 

Babine 

Lake 

North- 

Babine 

Lake 

South- 

Pemberton 

South- 

Pemberton 

South- 

Pemberton 

Chronology 

Collection Site 
B A & B A & B C D D D E E E 

Proxies 

May, 

July, 

August 

Temp 

May, 

July, 

August 

Temp 

Mean 

Summer 

Temp 

June 

Temp 

Mean 

Summer 

Temp 

Mean 

Summer 

Temp 

Mean 

Spring 

Precip 

June, July, 

August 

Temp 

Mean 

Spring 

Temp 

Mean 

Summer 

Temp 

Climate 

Station 
Smithers Smithers Smithers Smithers 

Fort St. 

James 

Fort St. 

James 

Fort St. 

James 
Agassiz Agassiz Agassiz 

Chronology 

Length             

(to EPS) 

1764 - 

2006 

1782 – 

2006 

1870 - 

1920 

1853 - 

2006 

1912 - 

2006 

1912 - 

2006 

1855 - 

2006 

1787 - 

2006 

1917 - 

2006 

None with 

EPS >0.85 

Pearson's R 0.691 0.620 0.645 0.476 0.586 0.612 0.466 0.761 0.476 0.585 

R
2 

0.477 0.385 0.416 0.226 0.343 0.374 0.217 0.579 0.227 0.342 

Durbin-

Watson 
1.036 1.118 1.476 1.275 1.359 1.336 1.290 1.590 1.170 1.873 

RE Calibration 0.411* 0.325* 0.451* 0.266* 0.331* 0.364* 0.168* 0.523* 0.151* 0.335* 

RE 

Verification 
0.261* 0.244* -0.044 0.056 -0.614 -0.573 -0.149 -0.997 -0.137 0.044 
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5.5 Results and Discussion 

 

Relationships were identified between climate variables measured at climate 

stations closest to sampling regions, and the wood chronologies developed for each site 

for the period from 1950-present. These relationships were used to predict wood property 

attributes prior to 1950, through multivariate and simple linear regression. Hindcasted 

proxy measurements of wood properties extending prior to 1950 were then compared to 

actual measurements from the chronologies to verify whether or not the climate variables 

are able to predict wood properties accurately.  

5.5.1 Sites A and B 

The site B MXD chronology correlated to mean May, July, and August 

temperature records from the Smithers station (r = 0.691, p = 0.01).  A multivariate 

regression model was created to predict MXD based on these three variables, with r
2
 = 

0.477 (p ≤ 0.001) (Figure 5.4). The Durbin-Watson statistic (DW) was used to calculate 

autocorrelation, with a value of 1.036 in this case, suggesting some positive 

autocorrelation is present in this reconstruction. Partial correlation tests were carried out 

to ensure that the mean May, July, and August temperatures were all separately 

influencing MXD.  Each month remained significantly correlated to MXD, even when 

controlling for the others.  

The XCWT chronology created from a combination of the cores from sites A and 

B was also correlated to May, July, and August temperature (r = 0.620, p = 0.01). A 

multivariate regression model was created to predict XCWT with r
2
 = 0.385 (p ≤ 0.001) 

(Figure 5.5).  DW for this model was 1.118, which also suggests some positive 
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autocorrelation. Again, partial correlation tests were carried out to ensure that all 

variables were independently significantly correlated to XCWT.  

 

 
Figure 5.4: Measured vs predicted maximum ring density in interior spruce from site B (Ski 

Hill Road on Hudsdon Bay Mountain, Smithers).  MXD modeled from mean May, 

mean June, and mean August temperatures from the Smithers climate station. 
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Figure 5.5: Measured vs predicted maximum ring cell-wall thickness in interior 

spruce from site A and B combined (Lower logging road and Ski Hill Road 

on Hudson Bay Mountain, Smithers).  XCWT modeled from mean May, 

mean June, and mean August temperatures from the Smithers climate 

station. 

 

Figures 5.4 and 5.5 show strong correspondences between the predicted models 

and the measured values for Sx MXD and Sx XCWT; these relationships are also 

reflected in the Pearson’s correlation coefficients (Table 5.3). The reconstructed values 

approximate the measured data in Figures 5.4 and 5.5, except for 1977, which shows a 

much lower measured value than was predicted by either model. If this discrepancy is 

indeed real and not caused by an error in data, than it could be assumed that the low 

density and low cell-wall thickness values for that year were produced due to factors 

other than May, June, and August temperature combined. The mean August temperature 

from the Smithers climate station was 17˚C that year, which is more than two standard 

deviations above the average August temperature from 1938-present. Although there are 

many possible explanations for this single measurement’s deviation, one possibility is 
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that the August temperatures were too extreme in 1977 for trees in the area to sequester 

excess carbon in their cell walls, thereby accounting for a lower overall average density 

and cell-wall thickness in that ring.  

Figure 5.5 also shows time periods, for example from 1982-1986, where the 

model underestimates the measured values. This finding could be due to a climate factor 

such as snowpack; increased snowpack in winter increases spring melt water levels, and 

increased water availability favours tree radial growth and carbon sequestration. These 

types of processes are not reflected in a model based solely on temperature.  Since there 

are only snowpack records for Smithers available from 1943 to 1982 (Walsh, 1996) it is 

not possible to verify the role of snowpack on the growth and development of the cell-

wall.   

The NMFA chronology, formed from the combination of cores from sites A and 

B, was correlated to mean summer temperature (average of June, July, August) from 

Smithers (r = 0.645, p = 0.01). A regression model was created to predict NMFA with an 

r
2
 value of 0.416 (p ≤ 0.001). The DW statistic was 1.476 (Figure 5.6). 
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Figure 5.6: Measured vs predicted minimum ring microfibril angle in interior 

spruce from site A and B combined (Lower logging road and Ski Hill Road 

on Hudson Bay Mountain, Smithers).  NMFA modeled from mean summer 

temperature (June, July, August average) from the Smithers climate station. 

 

Figure 5.6 shows the correspondence between the predicted values of Sx NMFA and the 

measured values obtained via SilviScan.  Proxy mean summer temperature data from the 

Smithers climate station approximates the minimum microfibril angle of spruce growing 

in the area, except for certain years, For example, in 1977 the actual measured data shows 

a high NMFA value not captured by the model. The 1977 data point shown in this model 

corresponds to the overestimated data point in 1977 in the MXD and XCWT models 

discussed previously. In years of low ring density and cell-wall thickness, it is not 

uncommon to see high MFA values, which explains the coordination between models. 

There are few studies that investigate the relationship between MFA, cell-wall thickness, 

and density, so how these variables are related is not clear (Hein and Brancheriau 2011).  

Hiller (1964a, 1964b) and Evans et al. (2000) found significant correlations between 
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density, cell-wall thickness, and MFA, but other studies have not found any definite 

relationships (Bergander et al. 2002; Schimleck and Evans 2002; Lin and Chiu 2007). 

The reconstruction in Figure 5.6 displays data that overestimates the measured 

values prior to 1950. The distinct appearance of model overestimation prior to 1950 could 

indicate a non-linear relationship through time, which could be due to a flaw in the data 

standardization process to remove growth-related trends. Microfibril angle is a trait that is 

extremely variable depending on age. Juvenile wood shows much higher fibril angles 

than does mature wood (Haygreen and Bowyer 1996; Burdon et al. 2004). This age-

related trend should not be reflected in the reconstructions because growth-related trends 

were removed from the series using a negative exponential curve in ARSTAN. It is 

possible that a variation on the negative exponential curve used for standardizing RW is 

required for MFA data. The current overestimation of NMFA by the mean summer 

temperature prior to 1950 indicates that measured and standardized minimum microfibril 

angles were actually lower than the climate proxy predicted.  

Interestingly, the only other reconstruction that shows model overestimation prior 

to 1950 is the one using MMFA from site E (Figure 5.12). Both reconstructions using 

MFA have measured values lower than predicted prior to 1950. The problem with these 

models could also be in their sample size.  The EPS values NMFA from site A and B 

were low, and only reached a value ≥ 0.80 for a short section of the time series (Table 

5.1), indicating that the sample size was not big enough to create a stable time series 

curve.  A larger sample would reduce the variability among the MFA values for each 

year, and may eliminate the inaccuracy of the MFA models prior to 1950. Limited 

resources restricted the measurement of more samples via SilviScan in this study; it is 
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recommended that future research be conducted with larger sample sizes to verify the 

ability to predict MFA accurately from climate variables in this region.      

5.5.2 Site C 

Ring width from site C was positively correlated with mean June temperature 

from Smithers (r = 0.476, p = 0.01) and a regression model was created to predict RW.  

The r
2
 value for this model was 0.226 (p ≤ 0.001). DW was found to be 1.245, suggesting 

only slight positive autocorrelation (Figure 5.7). 

 
 

Figure 5.7: Measured vs predicted ring width in interior spruce from site C (Blunt 

Forest Service Road, Smithers).  RW modeled from mean June temperature 

from the Smithers climate station. 

 

While the measured MFA value for 1977 was high, Figure 5.7 shows a low 

measured ring width value for 1977 as was true for the models for XCWT and MXD 

discussed above. In years where trees are stressed, wood density and cell-wall thickness 

values are lower than when optimal levels of resources are available to the tree. This 
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physiological response produces wood of poor quality for solid wood manufacturing. 

Quite often these stress periods are correlated to time periods when microfibril angle 

values are at the higher end of their species-dependent range (Hillar 1964b; Evans et al. 

2000) as is the case in 1977 (Figure 5.7). In 1977 ring width value is also low indicating a 

narrow ring, which indicates that the trees in this region were stressed by limited 

resource(s) during this year. For example, the trees from Smithers at this time may have 

had a short growing season or reduced energy with which to radially grow, allocate 

carbon to cell walls, and rigidly orient fibres. Another possible explanation is that ring 

width in 1977 is responding to a colder-than-average previous-year temperature.  

Smithers experienced a cool summer growing season in 1976, when average June 

temperature was only ~10.0 °C and average July-August temperature was only ~13.0 °C, 

therefore a lagged tree response to poor growing conditions is possible. 

Mean June temperature also under-predicted RWs of spruce from site C after 

2000. Precipitation totals in June have been generally increasing over time in this region, 

according to the meterological data from the Smithers climate station, possibly due to the 

effects of global warming: Models for BC predict an increase in precipitation in northern 

BC over the next century (Spittlehouse 2007). It is possible some effect of increased 

precipitation is causing the measured RW values to be higher than the predicted RW 

values based solely on June temperature. Increased precipitation up to a point would 

allow for cell radial expansion and the earlywood portion of the ring to become wider, 

thus increasing the width of the annual ring (Wimmer and Grabner 2000, Tardif et al. 

2001). There are several higher-than average values in the measured RW record prior to 
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1949 that were not captured in the model. This outcome is an indication that June 

temperature alone is not an effective predictor of spruce RW prior to 1949.   

5.5.3 Site D 

The XCWT chronology from site D was significantly correlated to mean summer 

temperature from the Fort St. James climate station (r = 0.612, p = 0.01). The r
2
 value for 

the regression model created based on the correlation between these two variables was 

0.374 (p ≤ 0.001) and DW = 1.336 (Figure 5.8). 

An MXD chronology created using Fd from site D was also significantly 

correlated to mean summer temperature from Fort St. James (r = 0.586, p = 0.01).  The 

resultant regression model predicts Fd MXD with r
2
 = 0.343, p ≤ 0.001, and a DW 

statistic of 1.359 (Figure 5.9).  

 
 

 

Figure 5.8: Measured vs predicted maximum ring cell-wall thickness in Douglas-fir 

from site D (Gallwing Forest Service Road, Babine Lake).  XCWT modeled 

from mean summer temperature (June, July, August average) from the Fort 

St. James climate station. 
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Figure 5.9: Measured vs predicted maximum ring density in Douglas-fir from site D 

(Gallwing Forest Service Road, Babine Lake).  MXD modeled from mean 

summer temperature (June, July, August average) from the Fort St. James 

climate station. 

 

Figures 5.8 and 5.9 show Douglas-fir XCWT and MXD, respectively, 

reconstructed from mean summer temperatures in Fort St. James. Interestingly, Douglas-

fir from site D, located 143 km southeast of the Smithers spruce samples and almost 500 

meters lower in elevation, also shows reduced XCWT and MXD in 1977. Climate of this 

region is fairly consistent, so it is not surprising that one climate episode would have the 

same general effect over a large region. It is, however, notable that this particular type of 

event – high average monthly temperature indicative of extended periods of temperature 

extremes – impact the wood quality of two different interior tree species. The models in 

Figures 5.8 and 5.9 under-predict the XCWT and MXD from 1937-54, indicating that 

another factor is also largely influencing the cell-wall deposition process during this time 

period.  
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Site D RW was predicted using spring precipitation from Fort St. James (r = 

0.466, p = 0.01).  Site D RW is the only wood species and ring property that was 

reconstructed using solely a precipitation variable.  The r
2
 value for the regression model 

was 0.217, p ≤ 0.001 and DW = 1.290 (Figure 5.10). 

 
 

 

Figure 5.10: Measured vs predicted ring width in Douglas-fir from site D (Gallwing 

Forest Service Road, Babine Lake).  RW modeled from total spring 

precipitation (March, April, May average) from the Fort St. James climate 

station. 

 

Figure 5.10 has an interesting result, The 1977 ring in the Fd RW reconstruction, 

shows the opposite trend to Fd XCWT and MXD shown in Figures 5.8 and 5.9. The 

higher-than average August temperature for the region that is hypothesized to be a 

possible reason for the decrease in MXD and XCWT in spruce and Douglas-fir, and RW 

in spruce, may have benefited RW growth in Douglas-fir, thereby increasing the RW for 

that year. If this temperature variable is in fact the reason for the fluctuations in measured 

wood properties for 1977, then, when looking at RW, a site-specific tree growth response 
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is noted. It is possible that spruce from Smithers (sites A-C) showed decreased growth 

due to high temperatures in August because sites A-C may have had a later snowmelt 

than site D. Later snowmelt on sites A-C is possible, given that site D is nearer to a large 

water body and lower in elevation. Evidence of snowpack depths were noted at the time 

of sampling, when in mid-June of 2007, snow was still present on site B but not at other 

sampling sites. A delayed snowmelt might result in radial growth beginning later in the 

growing season and then continuing into August when the temperature extreme threshold 

(where radial growth begins to slow) was reached in August of 1977. This behaviour is in 

contrast to Fd from site D, which benefits from increased temperatures because growth 

initiation starts early in the season in years with earlier snowmelt. Warm temperatures 

throughout the summer allow for maximum growth in Fd RW through August.  Even 

though extreme August temperatures become limiting for cell-wall thickening which is 

shown by the negative response in XCWT and MXD to temperature in 1977 (Figures 5.8 

and 5.9), Fd RW is not affected because most of the radial development has already 

occurred for the year. Usually upper temperature limits are a hindrance to tree growth and 

cell development in August because there is not enough water available in the soil at that 

time to make up for high transpiration rates, thereby causing stomata to close, and 

photosynthesis to limit energy inputs (Fraser 1962, Kozlowski 1979, Perry 1994). 

5.5.4 Site E 

At site E, the XCWT chronology was correlated to June, July, and August 

temperatures from Agassiz climate station (r = 0.761, p = 0.01).  These three variables 

were then independently used in a multivariate regression model to predict Fd XCWT 
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from this site with a resultant r
2
 value of 0.579 (p = 0.05).  The DW statistic was 1.590 

(Figure 5.11).   

 
 

Figure 5.11: Measured vs predicted maximum cell-wall thickness in Douglas-fir 

from site E (Owl Creek Forest Service Road, Pemberton).  XCWT modeled 

from mean June, mean July, and mean August temperatures from the 

Agassiz climate station. 

 

Figure 5.11 shows that the reconstructed XCWT of Fd from site E is a close 

representation of the actual measured XCWT. This observation indicates that Agassiz 

June, July, and August temperatures, used independently in a multivariate model, provide 

a robust predictor of XCWT development in Douglas-fir for this region.  The only time 

periods where the reconstruction does not correlate well with the measured record are 

short durations from ~1900-1910, and from 1941-47 when the model under-predicts the 

measured XCWT. This under-prediction could be explained by higher-than-average 

temperatures in July during these time periods that are not reflected in the model average 

over the three months (average July temperature from A.D. 1895-2004 is 17.9 ˚C). There 

are several years between 1900-1910, and 1940-1950 when average July temperature at 
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Agassiz climate station reaches above 19 ˚C, which may account for increased XCWT in 

the measured record that is not shown in the modeled proxy based on June, July and 

August temperatures. To test this explanation, a regression of XCWT for site E was 

performed using only July temperature from Agassiz (Figure 5.12). The statistical 

significance of this simple linear regression is not as strong as the multivariate model (r = 

0.486, r
2
 = 0.236, p ≤ 0.001), but the predicted values visually follow the measured data 

very well for the 1900-1910 period that was previously under-predicted.  This 

observation indicates that certain periods in the growing season are very influential if a 

higher-than-average temperature event occurs. In the case of Douglas-fir from site E, July 

temperatures play a larger-than-normal role in the overall XCWT development from 

1900-1910 than during the remainder of the time series. Unfortunately, the period from 

1940-1950 does not show the same verification, so it can be concluded that yet another 

variable is responsible for the deviation of the modeled XCWT values from the measured 

values in Figures 5.11 and 5.12. 
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Figure 5.12: Measured vs. predicted XCWT in Douglas-fir from site E (Owl Creek 

Forest Service Road, Pemberton).  XCWT modeled from July mean 

temperature from the Agassiz climate station. 

 

 

The site E MMFA chronology was significantly correlated to average spring 

(March - May) temperatures from Agassiz climate station (r = 0.476, p = 0.01). Fd 

MMFA was then hindcasted based on average spring temperature, with an r
2
 value of 

0.227 (p ≤ 0.001). The DW value = 1.170, displaying slight positive autocorrelation 

(Figure 5.13). 
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Figure 5.13: Measured vs predicted mean microfibril angle in Douglas-fir from site 

E (Owl Creek Forest Service Road, Pemberton). MMFA modeled from 

average spring temperature (March, April, May) from Agassiz climate 

station. 

 

Finally, the Fd NRD chronology from site E was significantly correlated to mean 

summer temperature from Agassiz climate station (r = 0.585, p = 0.01). The regression 

model created revealed an r
2
 value of 0.342, p ≤ 0.001, and a DW of 1.873 (Figure 5.14). 
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Figure 5.14: Measured vs predicted minmum cell radial diameter in Douglas-fir 

from site E (Owl Creek Forest Service Road, Pemberton).  NRD modeled 

from mean summer temperature (June, July, August average) from the 

Agassiz climate station. 

 

Figures 5.13 and 5.14 model Douglas-fir MMFA using the average spring 

temperature record at Agassiz and NRD from average Agassiz summer temperatures, 

respectively. Mean summer temperature from Agassiz does not capture the magnitude of 

variation of NRD as is seen in some of the other reconstructions; ex. XCWT 

reconstructed from independent June, July, and August temperature in Figure 5.11, but 

the predicted values generally follow the long-term trends of the measured values. 

Exceptions are prior to 1946 and for a span in the early 1970s when the models do not 

represent the measured values well. Despite these weak results, these models were 

included here as examples of the range of types of wood properties that can be 

investigated through the use of climate proxies. 
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5.5.5 Model Statistics 

Model multicollinearity indicates that the independent variables in the model are 

somehow correlated (Ott 1988, p. 492). Although independent correlation tests for each 

variable input in each of the models was tested and confirmed to be, at the most, only 

weakly correlated, the presence of some multicollinearity was statistically detected in the 

output of regression eigenvalues and condition index values. The presence of multi-

collinearity is thought to enlarge the standard errors of the predicted values. Despite the 

presence of multicollinearity in these models, the low-frequency trends in the models 

remain consistent with the observed data, and therefore it can be assumed that the 

multicollinearity does not take away from the general accuracy of the models’ trends.  

The reconstructed wood properties based on climate proxies correlate back to the 

original measured wood properties and provide validation of the models (Figures 5.4-

5.14).  Table 5.3 shows the results of these correlations. 

 
Table 5.3: Correlation between measured wood properties averaged over a chronology and 

the reconstructed wood property based on climate variables. 

 

 
Measured vs. 
Reconstructed 
(Pearson's R) 

P value 

site B MXD 0.613 0.001 

site A and B XCWT 0.546 0.001 

site A and B NMFA 0.500 0.001 

site C RW 0.368 0.002 

site D XCWT 0.334 0.001 

site D MXD 0.284 0.003 

site D RW 0.237 0.013 

site E XCWT 0.418 0.001 

site E NRD 0.343 0.001 
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Split verification was used to validate the models in question.  The latter 50% of 

the time series was used to calibrate the models.  The results of the split verification were 

mixed. The predicted site B MXD and site A and B XCWT passed the verification test 

with reduction of error (RE) values significant at 95% when compared to the actual 

measured data. The remaining reconstructions, site A and B NMFA, site C RW, site D 

XCWT, site D MXD, site D RW, site E XCWT, site E MMFA, and site E NRD all 

passed the calibration part of the split verification, but did not display a significant RE 

value at 95 % in the verification stage of the test. Table 5.2 shows that most of the 

reconstructions failed the verification portion of the split verification test. Each 

reconstruction fails the verification at 95% for a different reason. The main issue is the 

lack of similarity between the first half of the time series and the last half. This 

observation is especially notable in the site A and B NMFA reconstruction, where 

summer temperature from Smithers over-predicts NMFA prior to 1946, and in the site D 

MXD and XCWT reconstructions, where summer temperature from Fort St. James 

under-predicts the wood property measurements prior to 1954.   

Based on correlations to the original datasets, split verification results and the 

visual relationships explored in Figures 5.4-5.14, the most reliable reconstructions are 

those presented from sites A and B, and the XCWT reconstruction from site E.  One 

factor significantly affecting the reliability of these reconstructions is the sample depth; ≥ 

17 cores were used in the chronologies from sites A and B, and 13 cores were used for 

the XCWT chronology from site E which was the highest number cross-dated for a fibre 

chronology in this study aside from chronologies from site A and B. Larger sample sizes 

generally create more robust chronologies with which to compare to climate variables.  
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5.5.6 Influence of Climate Forcing Mechanisms 

Even in the robust reconstructions from sites A and B, the 1977 climate – growth 

anomaly is present. This uncharacteristic year creates difficulties in the reconstructions 

regardless of site and species, indicating that the unusual 1977 measurements are perhaps 

due to a larger regional climate forcing mechanism. The Pacific Decadal Oscillation 

(PDO) underwent a large-scale regime shift between 1976 and 1977, where north Pacific 

Ocean sea surface temperatures moved from “cool phase” to “warm phase” (Mantua 

2000).  Cool phases have been correlated with growth-inhibiting climates off the coast of 

Alaska and growth-enhancing climates in the southwest USA, while warm phases have 

been correlated to the opposite (Mantua 2000). Therefore, theoretically, a PDO shift from 

a cool phase to a warm phase may have influenced the environment for BC’s Forests by 

moving from a growth-inhibiting climate to a growth-enhancing climate.  

It is possible that the PDO also had some influence on these reconstructions. The 

NMFA reconstruction from site A and B based on mean summer temperature shows 

under prediction of NMFA values prior to 1946. Furthermore, the site E reconstructions 

(XCWT, MMFA and NRD) are influenced by something prior to 1947, the point at which 

the measured and predicted records seem to decouple. 1946-47 is another period of time 

characterized by a PDO regime shift, from warm to cool phase (Mantua 2000).   

5.5.7 Climate, Wood Development and Wood Quality 

A correspondence between density, cell radial diameter, cell-wall thickness, and 

summer air temperature is shown in Figure 5.15. This figure displays a positive 

relationship between air temperature, density, and cell-wall thickness, and a clear 

negative relationship between radial diameter and air temperature in a representative 
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white/Engelmann spruce (Picea glauca x engelmannii) stand. Air temperatures are lower 

in April and increase into July for each year indicated. This temperature increase 

corresponds to a continual increase in density and cell-wall thickness and a decrease in 

cell radial diameter. Annual measurements of cell development were broken down into 

four sections: two sections of earlywood (Ew), and two of latewood (Lw). The Ew-Lw 

boundary was identified at 0.4 g/cm
3
, and the divisions within each wood type were 

approximated at half way through the available measurements. These criteria created four 

quadrants of measurements for each wood property per annual increment. These four 

sections were then averaged for each wood property and related to average April-July air 

temperatures.   

The relationship between the wood properties and air temperature shown in 

Figure 5.15 suggests that above normal air temperatures positively affects density and 

cell-wall thickness, but results in decreased cell radial diameter. The longer the 

temperature stays warmer in the late summer and fall, the more latewood can be 

produced, therefore increasing the % Lw and overall density in an annual ring, as long as 

the tree’s daylight requirement is met. The negative relationship between cell radial 

diameter and air temperature can be explained by temperature increases that induce 

increases in transpiration, which in turn reduces water potential in tracheids thereby 

leading to a reduction in cell diameter (Kozlowski et al. 1991).  Reduced lumen diameter 

also contributes to the overall increase in wood density because it is closely associated 

with increased cell wall thickness (Haygreen and Bowyer 1996).   

Higher wood densities are most often equated with higher wood quality for 

production and manufacturing of wood products (Haygreen and Bowyer 1996). The 
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quality of wood is demonstrated by certain attributes depending on the wood product 

being targeted. The reconstructions in this chapter show that most wood attributes, such 

as maximum density and cell-wall thickness, increase with increasing temperatures, 

thereby providing higher quality wood for products requiring higher strength. Wood 

containing higher microfibril angles is generally lower quality for products requiring high 

tensile strength, and is better targeted for products such as newsprint or tissue.   

Precipitation has also been linked to wood quality in spruce. Specifically, the 

proportion of latewood within an annual ring is increased when precipitation levels in the 

late summer and fall are increased. Latewood is formed later into the season in this case, 

which leads to a greater proportion of Lw in the annual ring (Wimmer and Downes 

2003);  therefore, looking at growing season changes in density (Figure 5.15) it can be 

predicted that a positive relationship exists between precipitation and average density in 

July and August. Wood quality would then also increase with increasing precipitation in 

late summer months as well. Further research is required to test these predictions.   

There is potential to use SilviScan data to correlate cell measurements in an 

appropriate phase of growth with the air temperatures and precipitation levels for that 

same weekly or monthly period, based on timing of cell development. Such analyses 

would give a direct reflection of how climate variables affect cell and wood development 

at a specific point in time. It may also allow researchers to determine which phase of cell 

development is most impacted by changes in climate; for example, cell enlargement may 

be more responsive to precipitation than the cell thickening stage. This information could 

be extremely useful to forest professionals for the identification of a precise time in 

which wood quality is most affected by environment factors, which would provide 
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opportunities for enhancing wood quality through selecting more climatically-adapted 

stock.   

 

 

 

Figure 5.15: Variation in a representative spruce sample’s mature wood density, 

cell-wall thickness, and cell radial diameter in relation to variation in April, 

May, June, and July summer air temperature from Smithers for years 1945-

1947.   

 

5.6 Conclusion 

 Radial tree growth is influenced by environmental factors that combine to 

produce variable annual ring increments. Regional climate variables interact with local 

site conditions to produce individual rates of photosynthesis within each tree. This 

behaviour translates into an allocation of energy for radial growth. An investigation of 

wood properties in this study adds to the information regarding wood quality in 

comparison to climate over time. In this study, average summer temperatures have been 
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shown to have the greatest effect on maximum density, cell-wall thickness and 

microfibril angle development in the tree species investigated. This finding is reflected in 

the strong correlations between these variables, and also between the observed and 

reconstructed values for MXD, CWT, and MFA based on mean summer temperatures. 

Since these wood properties are important wood quality predictors, this information is 

significant.   

This study aimed to identify whether or not climate can be used as a reasonable 

indicator of wood properties, and therefore wood quality, in certain areas of BC. Based 

on the chronologies created for specific regions of BC, it was shown that distinct wood 

property characteristics can be modelled by various temperature and precipitation 

variables. Nonetheless, these vary by region, but only to a certain degree. Obviously 

many environmental components contribute to the formation and strength of wood stems.   

Climate is a major contributing factor to growth and development of wood cells, and 

therefore using it as an indicator is both valid and useful to the prediction of wood quality 

in future forest stands.   

 In this chapter I demonstrated that climate can be used to predict the development 

of some wood anatomical traits for certain regions of British Columbia. Specifically I 

demonstrated that density, cell-wall thickness, microfibril angle, and radial diameter 

characteristics can be estimated based on local mean summer temperatures. These traits 

fluctuate through time to create certain wood attributes when warm temperatures prevail, 

such as increased cell-wall thickness, which is a desirable wood quality attribute for 

dimensional lumber. Increased strength properties from increased cell-wall thickness can 

be expected in warming BC climates, but only up to a threshold, at which point soil water 
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variability will limit photosynthetic activity. It can be expected that in areas where 

drought becomes a more common occurrence, trees with a higher percentage of latewood 

will prevail over those with more earlywood, due to the structural integrity of latewood 

cells and their decreased dependence on turgor pressure (Kozlowski 1979; Barnett and 

Jeronimidis 2003; de Luis et al. 2011). Reconstructions also show years where climate 

has had a negative impact on wood quality; for example, in extreme climate years when 

microfibril angle is high. This study demonstrates a non-invasive method to identify 

wood quality attributes and has potential for predicting future wood quality in changing 

climates. With these tools in place conclusions can be drawn about the history of climate 

change around the world, using proxy tree-ring records.   
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6 Concluding remarks 

6.1 General Summary  

 Fibre parameters such as cell-wall thickness and microfibril angle have the 

potential to act as climate proxies for reconstructing historical climate records. They 

provide the opportunity to create multivariate models with greater predictive capability 

that correspond to observed data sets more closely. This finding provides an opportunity 

for dendroclimatologists to predict climate data trends more robustly. Because individual 

wood parameters form at different times throughout the growing season in response to 

distinct seasonal climates, multiple proxy models allow for the development of intra-

annual proxy climate and glaciological records.  

 Measurement and analysis of climate-response relationships inherent to ring 

width, density, cell-wall thickness, microfibril angle, and radial cell diameter variables 

provided answers to the following research questions: 

 How are glaciers in BC changing with changing climates? 

Place Glacier was shown to respond to warmer summer temperatures by increased 

ablation rates which have an impact on the net balance record.  Usually winter balance 

and precipitation events more strongly influence coastal glaciers; however, continental 

temperature regimes were shown to influence Place Glacier over time. Both the observed 

and calculated net balance records showed significant correlations to winter precipitation 

and summer temperatures.  Place Glacier is largely affected by winter PDO, SOI and 

PNA oscillations. These climate-forcing mechanisms have an impact on mass balance at 

Place Glacier in varying ways. Notably, winter PDO and SOI have a more consistent 



180 

 

 

 

 

influence on net balance than does the winter PNA. Winter PDO had the most significant 

effect on the glacier net balance, showing a moderate negative correlation.   

 The net mass balance model constructed in this study as a principle component of 

Sentinel, Place, and Peyto Glacier records, shows a general decline in ice mass over the 

length of the net balance reconstruction. This finding corresponds with the photographic 

records of ice front recession over the last 100 years at Illecillewaet Glacier. The 

reconstruction of summer balance shows an increase in mass balance in recent years, 

while the winter balance reconstruction shows the same general decline in mass balance 

as is reflected in the net balance reconstruction. While cooler summer temperatures have 

led to reduced seasonal ablation rates, in recent years, reduced seasonal snowpack has 

affected winter balance so severely that these relatively cool summers have still equated 

to an unprecedented decline in net mass balance. 

 Do density and fibre characteristics provide better climate and mass balance 

proxies than ring width? 

For reconstruction of late growing-season temperatures (July – August), maximum 

ring density and maximum cell-wall thickness showed better visual correspondence to 

observed climate records than ring width proxies, and showed enhanced statistical 

reliability.  

Precipitation was difficult to reconstruct based on earlywood features, even though 

earlywood cells are known to be strongly affected by spring precipitation levels. This 

difficulty was largely due to the variability in size of earlywood cells from one sample to 

the next. To create a chronology, overall ring properties such as earlywood density were 

averaged and then stand averages were obtained, therefore the variability in influence of 
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precipitation levels on individual earlywood cells is essentially “averaged out”. Thus the 

subtle differences in earlywood variation caused by precipitation events on individuals 

are lost, and no strong stand-level precipitation signal was distinguishable from the sites 

investigated in this study.  Ring width was shown to be a more useful proxy for 

precipitation reconstructions in specific regions of this study. 

 Do multiproxy models better reflect historical climate than single proxy models? 

Multivariate models retained more of the variation in climate over time than do 

single-variate models and were, therefore, more closely correlated with observed climate 

records. R-squared values for the multiple regressions carried out were much stronger 

than those from simple linear regressions. Multicollinearity was the only difficulty 

involved with the multivariate models in this study, and is discussed further in Section 

6.2. 

 Is it possible to create an intra-annual record of climate change by using different 

wood proxies? 

Intra-annual records of climate for the Smithers and Fort St. James regions of 

northern BC were reconstructed by examining two distinct phases of wood development 

that were reflective of temperature and precipitation events early and late in the growing 

season. Cell-enlargement phases were more closely related to May/June temperature and 

precipitation, while cell thickening phases were more closely correlated to July/August 

temperature and precipitation.   

 What can comparing wood development to seasonal climate reveal about intra-

annual scale wood development throughout the growing season in BC? 
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By reconstructing wood properties based on climate data, conclusions were drawn 

about wood development for interior hybrid spruce, and for Douglas-fir. Generally, 

warmer temperatures later in the growing season are related to higher density wood. This 

finding is related to thicker cell walls discovered in northern interior spruce and Douglas-

fir.  However, average August temperatures exceeding ~17 ˚C have shown to result in a 

decrease in cell-wall thickening. Their response appears to be a consequence of 

physiology system shut-down, where no energy is allocated to thickening processes.  

Years with these high temperatures may yield wood with lower strength properties in 

northern interior BC because trees are not well-adapted to these climates. This finding is 

a concern for forest managers in a region likely subject to substantial warming over the 

next century. Cell-wall thickness in southern interior Douglas-fir was shown to be 

independently related to June, July, and August temperatures. Only when a single month 

is characterized by temperature extremes does the model under predict cell-wall 

thickness.   

Southern interior Douglas-fir displayed a greater tolerance for hot summer 

temperatures than northern Douglas-fir trees: Monthly July temperature averages of 

>19˚C did not adversely affect tree growth and development. Therefore it is possible to 

predict cell-wall thickening in Douglas-fir from independent June, July, and August 

temperatures in this area. 

6.2 Study Difficulties and Limitations 

 Throughout this project a number of difficulties and limitations were encountered.  

The most significant were associated with: working with new and unfamiliar technology; 

shipping cores to Australia for SilviScan analysis; cross-dating data based on measured 
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wood parameters that are not visible without highly sophisticated systems; applying 

dendrochronology software to new types of proxy data; and statistically analyzing 

multivariate models. The resulting limitations included: sample-size limitations on cores 

scanned by SilviScan; reduced series numbers in master chronologies, an inability to 

identify individual-year climates in the reconstructions based on density values; and, 

increased standard errors in multivariate models due to multicollinearity. Other 

limitations included abbreviated reconstructions because of young trees, and the 

abbreviated length of mass balance data in British Columbia. 

 Sample sizes were limited on cores scanned by SilviScan because of the time 

required to scan the wood in this type of system, and the quality of cores required. Only a 

select number of cores were analyzed partially because the cores needed to be free from 

rot and display limited breakage. The latter requirement was particularly problematic as it 

limited the number of samples from older trees. Most older trees (> 200 years), 

depending on species, had at least a small section of rot and were quite often broken in a 

number of segments when extracted from the tree or transported from site to laboratory.  

 A number of master chronologies were significantly reduced in their number of 

series, or deemed to be too difficult to cross-date because images of the wood parameters 

in question were unavailable. For example, when cross-dating cell-wall thickness values, 

one does not have an image of the average cell-wall thickness within an annual ring to 

compare to the next ring, as one would with ring widths. Therefore if there is a particular 

ring year that doesn’t cross-date well, or a sample that seems to be unlike the others in the 

stand, that ring year trait or sample cannot be verified by investigating an image. Other 

traits such as microfibril angle are even more obscure because these features are 
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impossible to see without an electron microscope. Therefore, cross-dating of these 

features was carried out based on the cross-dating pattern of the ring width values for 

each chronology. For example, if the ring for 2002 was followed by a false ring in a ring 

width series, and the ring width value for the false ring was removed, then the cell-wall 

thickness value occurring after the 2002 cell-wall thickness value would also be deleted 

from the series. This method is difficult to use and requires that the analyst keep very 

detailed notes on the cross-dating process. It sometimes required the elimination of a 

series that with image verification would have been retained in the master chronology.  

Many wood parameters were simply too difficult to cross-date by this process and were, 

therefore, removed from further analysis. It would be beneficial to investigate another 

method of cross-dating cell features like radial and tangential diameters. 

 The ITRAX densitometer at the University of Victoria had only recently been 

acquired when this study began, and necessitated significant trial-and-error testing.  

Settings were used to scan the sample cores that output the best images and most 

reasonable density values. After scanning most core samples, and some chronologies 

more than once at different settings, the values were still not ideal. For example, in some 

Douglas-fir samples, the maximum density values would top-out at a value of 0.9 g/cm
3
 

and therefore all variation in density above 0.9 g/cm
3
 was lost and the samples were 

unable to be used for further analysis until the system was calibrated more precisely.  A 

maximum value of 0.9 g/cm
3
 is problematic for Douglas-fir samples because it is 

common for their latewood density to exceed 1.0 g/cm
3
 (Appendix B: Table B and D).  

This type of calibration error made it impossible to trust the absolute values of the 

ITRAX density output. The problem was overcome for some chronologies by cross-
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dating the ITRAX density values to the SilviScan density values, which were double 

checked for accuracy. However, I felt it was always necessary to focus on the relative 

trends of the density data rather than the specific density values. The relative change in 

density from ring to ring was preserved even though the absolute values may have been 

inaccurate – the light attenuation across the ring still revealed the correct variation 

between rings. 

 An additional limitation to this study was the development of clean multivariate 

models.  ne of the primary assumptions of any linear regression model involving more 

than one independent variable is that the variables are not inter-related. They must be 

completely independent of one another, otherwise the standard error in the model 

becomes inflated, and the predicted values become less precise. Because the multivariate 

models in this study were constructed using wood and fibre parameters from trees within 

the same area, it was very difficult to eliminate relatedness completely, at least without 

manipulating the measurements through some sort of data transformation. Even different 

tree species growing in the same region will reflect some growth relationship if they are 

responding to the same climatic factors. To minimize the impact of this climate-growth 

characteristic, only variables that displayed weak or no correlations with one another 

were used in the same model. Partial correlation tests were carried out and Durbin-

Watson statistics used to check autocorrelation. Finally, predicted values were always 

compared to original observed values to ensure that, even with the presence of some 

multicollinearity, the inflated standard errors did not disrupt the overall predicted trends 

to the point where they would be unfit for use.     



186 

 

 

 

 

6.3 Future Research Directions and Applications of Research 

 This study just begins to skim the surface of possibilities for use of fine wood 

properties for dendroclimatology and dendroglaciology. Future research should consider 

what sample size is best to target for reconstructions using fibre properties. I believe the 

sample size required is greater than that for ring width reconstructions due to the 

limitation of visual cross-dating as mentioned previously. Optimization and improved 

calibration of the University of Victoria ITRAX densitometer is also recommended. A 

study comparing the density values obtained from the ITRAX system and the SilviScan 

system is a potential extension of this research that would be helpful to future studies 

using the ITRAX densitometer.   

 More research is required to perfect the application of wood property 

measurements in dendroclimatology. Software needs to be developed that allows the 

analyst to input much larger data sets for cross-dating, and potentially to cross-date 

chronologies on an intra-annual basis rather than by annual average. Currently all 

software works on an annual basis because it is designed for ring width. Working on an 

intra-annual basis would allow the researcher to develop chronologies for individual time 

periods throughout the growing season and potentially correlate these more effectively to 

monthly climate fluctuations. This ability is especially important when investigating 

features such as microfibril angle and radial/tangential diameters because obtaining an 

average value for an entire ring yields a loss of a tremendous amount of data. 

 Another possible extension of this work is to use the analysis of historical 

relationships of wood parameters and climate investigated in this study to create 

predictive models of wood quality. Forecasting wood quality for the regions covered in 
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this research could potentially be very useful to forest managers and wood manufacturers, 

especially in the light of changing climates.  

 Finally, comparing the wood parameters measured in this study to radial growth 

data from dendrometers would provide further insight into the timing of wood 

development, which would lend increased support for the climate reconstructions created 

here. For example, if it could be shown that the radial growth of interior spruce 

transitions into the cell-wall thickening phase around July 20
th

, than it makes 

physiological sense that maximum cell-wall thickness measurements would coordinate 

with July-August climate events.   
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7 Appendix A: Relationships between Climate Forcing Indices 
and Revelstoke Climate and Columbia Mountains Mass 

Balance Reconstructions 

 

 Reconstructed models of climate and mass balance variables from the Columbia 

Mountains and Revelstoke were compared to climate circulation indices, including the 

SOI, CT, PDO, and PNA. Annual values for these indices were obtained at: SOI: 

www.cru.uea.ac.uk/cru/data/soi.htm; CT: http://jisao.washington.edu/data/cti/; PDO:  

ftp.atmos.washington.edu/mantua/pnw_impacts/INDICES/PDO.latest; and, PNA: 

http://jisao.washington.edu/data/pna/ 

 Predicted maximum summer temperature positively correlates with winter PNA (r 

= 0.277, p < 0.05) and winter PDO (r = 0.245, p < 0.05). Although the general correlation 

for the whole time period of observed PNA record is unidirectionally correlated with 

maximum summer temperature, it is evident that some variation in the direction of 

correlation exists when the record is examined on a decadal basis, Figure A. Similarly, a 

comparison of predicted summer temperature and PDO reveals short periods of obvious 

negative or positive correlation shown throughout the time series. From 1900 to 1930, 

winter PDO (averaged values October through March) seems to be positively correlated 

with the maximum summer temperature, but after that point the record is punctuated by 

periods of negative correlation. Similarly, the observed record for winter PNA (April 

through September) reveals a positive correlation from approximately 1980 onwards, 

however prior to 1980, the records are visually negatively correlated. These shifts in the 

relationship between PDO/PNA and summer temperature could be associated with phase 

shifts in the circulation indices.    

http://www.cru.uea.ac.uk/cru/data/soi.htm
http://jisao.washington.edu/data/cti/
ftp://ftp.atmos.washington.edu/mantua/pnw_impacts/INDICES/PDO.latest
http://jisao.washington.edu/data/pna/
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 The predicted values for total August precipitation are negatively correlated to the 

summer PNA index (r = -0.332, p < 0.01), and there is some visual correspondence 

between winter PDO, and August precipitation. The winter PDO primarily negatively 

coordinates with August precipitation, even though this relationship does not show 

statistical significance over the whole record.  

 Predicted values for February snowpack were correlated to PDO, PNA, CT, and 

SOI. February snowpack was correlated most strongly to the winter PNA (r = -0.587, p < 

0.01) and PDO (r = -0.373, p < 0.01) indices. Visual correspondence between winter 

PDO and February snowpack confirms their continuous negative relationship; however, 

when observing the correspondence between winter PNA and February snowpack, the 

earliest part of the overlapping time series seem to be positively correlated (from ~1950 – 

1968). Because changes in the direction of correlation exist between records of the 

observed circulation indices and some of the predicted climate variables, the overall 

influence of these circulation patterns on tree growth and climate may therefore be 

underestimated. The correlation factors for individual time periods are probably much 

stronger, but cancel each other out due to directional change.  

 Large-scale climate-forcing mechanisms influence both climate and glacier mass 

balance in western Canada. Circulation indices such as the PDO, the SOI, the CT, and the 

PNA were investigated to determine causal links between the climate and mass balance. 

Major regime shifts of the PDO are reflected in the mass balance reconstruction of Place 

Glacier by Moore and Demuth (2001); a negative Bn phase from 1922-47 corresponds to 

a positive PDO phase, while Bn phases prior to 1922, and after 1947 that are more 

positive relate to negative phases of the PDO. Bitz and Battisti (1999) concluded that the 
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PDO was highly correlated to the mass balance fluctuations of several Southern BC 

glaciers, and also found that the PNA was associated with glacial mass balance 

anomalies.  When indices of PNA were compared directly to mass balance records, no 

correlation was found by Moore and Demuth (2001). In contrast, Moore and Demuth 

(2001) found that the SOI, an index showing inter-annual ENSO variability, was 

significantly correlated to Bn at Place Glacier. It is possible that variations in mass 

balance may respond to regional-scale variations in the PNA, which are moderated by 

other circulation indices such as the PDO and ENSO. Observations made from Peyto 

Glacier indicate that it responds to fluctuations in the PDO, ENSO, and PNA, all of 

which in combination could be responsible for the loss in mass balance over the observed 

record (Demuth et al. 2009).   

 In this study, predicted Bn is significantly correlated to SOI, summer PNA, and 

winter CT. The strongest of these is the correlation between summer PNA (r = -0.260, p 

< 0.05). Significant relationships also exists between summer PNA and predicted Bs (r = 

-0.289, p < 0.05), and winter PNA and Bw (r = -0.539, p < 0.01) (Figure E and F). 

Interestingly, the relationship between the PNA and both predicted Bw and Bs change 

through time. Bs and summer PNA are predominantly negatively correlated, as indicated 

by the overall r-value; however, there is a period of moderate positive correlation from 

1960 to 1975 that may lead to an underestimation of correlation for the overall time series 

to the summer PNA. Similarly when looking at the visual correspondence between 

predicted Bw and winter PNA, there is a short period of positive correlation prior to 

1970. It is possible that the PNA interacts with the SOI or the PDO to produce variable 
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impacts on glacial mass balance at these particular times, as reflected in the 

reconstructions.  

 Significant correlations exist between Bw and Bs reconstructions and the winter 

portion of the PDO (October through March) (r = -0.412, p < 0.01; r = -0.235, p < 0.05, 

respectively).  Significant periods of negative mass balance correspond with warm phases 

of the PDO, and vice versa. It is likely that the PDO does affect the density and tree-ring 

width in this study area. The growth and density of trees, as well as the mass balance of 

glaciers in this region, could be influenced by the PDO during certain time periods, and 

more strongly influenced by other climate forcing mechanisms during other periods.  

Winter SOI is also significantly correlated with predicted Bn (r = 0.178, p < 0.05) and Bs 

(r = 0.168, p < 0.05), and furthermore, the Bn reconstruction is correlated to annual SOI 

(r = 0.189, p < 0.05). Even though these correlations are significant, they are fairly low. 

 Visual correspondence between annual SOI and Bn (Figure D) indicates that the 

majority of the series is positively correlated; however, there are key time periods when 

these variables share a negative relationship.  One of these switches occurs in the 1940s, 

changing from a positive to negative correlation. It is possible that the forcing 

mechanisms interact with one another and become more influential at certain times, 

which leads to durations where mass balance is very strongly correlated to a particular 

circulation index, followed by weak correlations. This fluctuation in correlation 

coefficients throughout the time series would explain the overall low average correlation 

coefficients that are produced over the whole time series. It is also possible that the proxy 

used for the reconstruction was influenced by a circulation pattern such as the SOI more 

prominently during a certain warm or cool phase.  
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 Conclusions drawn in prior literature (Bitz and Battisti, 1999; Moore and Demuth, 

2001) regarding the influence of PDO, SOI, and PNA were all consistent with 

conclusions drawn in this study. The uniformity of these results supports the validity of 

the long-term trends identified. The forcing mechanisms responsible for the historical 

changes in mass balance in this region, as seen in this study, include the PDO, SOI, CT, 

and PNA. These circulation patterns interact to produce the weather systems of the 

region, and therefore are connected to temperature, precipitation, and mass balance 

fluctuations.  

 

 

 
 

Figure A – Predicted maximum summer temperature for Revelstoke, BC 

compared to the winter Pacific Decadal Oscillation (PDO) and winter 

Pacific North American Index (PNA) values. 
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Figure B – Predicted total August precipitation for Revelstoke, BC compared 

to winter Pacific Decadal Oscillation (PDO) and Pacific North 

American Index (PNA) values. 
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Figure C – Predicted February snowpack for Golden, BC compared to 

winter Pacific Decadal Oscillation (PDO) and Pacific North American 

Index (PNA) values. 
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Figure D – Predicted net mass balance for the glaciers in the Columbia 

Mountains region of BC compared to annual Southern Oscillation 

Index (SOI) values. 
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Figure E – Predicted summer mass balance for glaciers in the Columbia 

Mountains region of BC compared to observed maximum summer 

temperature from Revelstoke, BC and summer Pacific North 

American Index values. 
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Figure F – Predicted winter mass balance for the glaciers in the Columbia 

Mountains region of BC compared to winter snowpack from Golden, 

BC, and winter Pacific North American Index values.  
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8 Appendix B: SilviScan Values Obtained for Overall Ring Characteristics 

 

Table A: A representative 10-year mature wood section from interior spruce, showing maximum (X), mean (M) and 

minimum (N) SilviScan values for density (D), radial diameter (RD), tangential diameter (TD), microfibril angle 

(MFA), and cell-wall thickness (CWT). NSx1 site - Smithers, BC (Tree 1). 

 

Ring 

Year 

XD 

(kg/ m
3
) 

XRD 

(µm) 

XTD 

(µm) 

XMFA 

(Deg) 

XCWT 

(µm) 

MD 

(kg/ m
3
) 

MRD 

(µm) 

MTD

(µm) 

MMFA 

(Deg) 

MCWT 

(µm) 

MND 

(kg/ m
3
) 

NRD 

(µm) 

NTD 

(µm) 

NMFA 

(Deg) 

NCWT

(µm) 

1800 711 40.9 30.7 11.8 3.32 381 34.5 28.2 11.8 2.06 275 21.7 26.8 11.8 1.44 

1801 836 42.3 31.6 11.8 3.71 404 34.5 30.0 11.7 2.25 285 18.4 26.5 11.6 1.64 

1802 833 41.2 31.9 11.6 3.89 422 34.2 30.7 11.5 2.39 273 17.5 27.6 11.2 1.57 

1803 753 39.8 33.2 11.2 3.64 388 33.7 31.2 11.2 2.19 264 18.6 27.4 11.2 1.49 

1804 621 43.3 32.4 12.0 2.93 340 33.3 30.9 11.6 1.87 227 17.5 29.1 11.2 1.33 

1805 570 40.2 31.3 12.0 2.86 349 33.8 30.3 12.0 1.94 245 18.0 29.0 12.0 1.36 

1806 733 40.2 33.0 12.0 3.54 393 32.9 31.1 12.0 2.16 263 16.8 27.6 12.0 1.53 

1807 710 39.9 34.2 12.0 3.55 379 34.0 32.1 12.0 2.17 250 19.0 27.9 12.0 1.40 

1808 777 42.2 35.0 12.0 3.95 381 35.2 33.1 12.0 2.26 256 16.8 30.0 12.0 1.51 

1809 671 40.7 36.9 12.2 3.29 336 33.2 35.0 12.1 1.98 235 18.0 32.2 12.0 1.36 
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Table B: A representative 10-year mature wood section from Douglas-fir, showing maximum (X), mean (M) and 

minimum (N) SilviScan values for density (D), radial diameter (RD), tangential diameter (TD), microfibril angle 

(MFA), and cell-wall thickness (CWT). NDf4 site - Babine Lake, BC (Tree 18). 

 

Ring 

Year 

XD 

(kg/ m
3
) 

XRD 

(µm) 

XTD 

(µm) 

XMFA 

(Deg) 

XCWT 

(µm) 

MD 

(kg/ m
3
) 

MRD 

(µm) 

MTD 

(µm) 

MMFA 

(Deg) 

MCWT 

(µm) 

MND 

(kg/ m
3
) 

NRD 

(µm) 

NTD 

(µm) 

NMFA 

(Deg) 

NCWT

(µm) 

1900 1009 34.8 29.6 23.5 4.49 550 27.7 27.8 17.2 2.73 316 16.8 25.5 10.2 1.72 

1901 1034 36.7 30.8 23.5 4.47 517 28.5 28.6 18.7 2.62 304 17.2 24.4 10.8 1.73 

1902 1022 36.6 31.6 23.4 4.33 501 29.3 28.5 18.5 2.51 286 16.4 23.6 10.1 1.56 

1903 887 35.6 30.3 23.7 3.96 465 29.2 28.3 19.0 2.35 287 17.1 24.5 10.6 1.54 

1904 1014 34.6 31.9 26.2 4.54 469 28.8 29.0 19.2 2.41 281 17.0 25.6 9.5 1.49 

1905 1056 36.2 31.1 24.6 4.62 548 28.0 28.7 18.2 2.74 301 15.8 25.3 9.3 1.64 

1906 1109 34.7 30.2 25.7 5.14 528 27.9 28.5 19.0 2.67 308 16.6 25.3 9.7 1.60 

1907 1014 38.0 32.0 25.7 4.30 467 29.7 29.8 19.1 2.41 295 16.3 24.2 9.9 1.68 

1908 971 36.6 32.7 23.5 4.28 473 30.2 30.6 18.7 2.52 302 16.9 26.2 10.1 1.71 

1909 935 37.8 31.1 23.8 3.86 548 28.6 28.6 17.7 2.76 309 16.9 23.8 11.4 1.74 
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Table C: Representative 10-year mature wood section from Engelmann spruce, showing maximum (X), mean (M) and 

minimum (N) SilviScan values for density (D), radial diameter (RD), tangential diameter (TD), microfibril angle 

(MFA), and cell-wall thickness (CWT). SSx9 site - Pemberton, BC (Tree 14). 

 

Ring 

Year 

MXD 

(kg/ m
3
) 

XRD 

(µm) 

XTD 

(µm) 

XMFA 

(Deg) 

XCWT 

(µm) 

MD 

(kg/ m
3
) 

MRD 

(µm) 

MTD 

(µm) 

MMFA 

(Deg) 

MCWT 

(µm) 

MND 

(kg/ m
3
) 

NRD 

(µm) 

NTD 

(µm) 

NMFA 

(Deg) 

NCWT 

(µm) 

1900 733 39.2 30.1 25.8 3.16 349 32.7 29.1 21.4 1.84 203 18.1 26.8 15.5 1.16 

1901 676 42.8 32.1 28.7 2.81 316 33.9 30.7 22.9 1.75 204 16.9 28.8 16.4 1.14 

1902 785 41.0 33.0 26.2 3.30 330 33.7 31.5 23.8 1.83 211 16.7 28.3 18.5 1.25 

1903 758 40.3 33.8 24.8 3.31 335 33.6 32.9 20.8 1.91 226 17.7 30.7 14.6 1.36 

1904 858 43.7 35.8 24.6 4.01 364 33.5 33.8 19.9 2.10 202 19.2 30.0 13.4 1.32 

1905 801 42.6 33.4 26.0 3.48 346 32.9 31.7 20.7 1.92 236 17.7 29.5 14.1 1.29 

1906 744 41.8 33.5 24.4 3.32 336 33.0 32.0 20.6 1.88 200 18.9 29.2 14.1 1.15 

1907 774 41.9 34.5 26.0 3.48 346 33.9 32.7 21.4 1.99 243 18.6 30.2 14.4 1.44 

1908 748 39.6 32.3 25.5 3.36 386 31.3 30.6 21.5 2.07 252 19.1 28.0 15.1 1.48 

1909 714 39.6 33.1 29.8 3.22 360 31.9 31.7 23.1 1.96 244 18.7 29.8 15.3 1.44 
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Table D: Representative 10-year mature wood section from Douglas-fir, showing maximum (X), mean (M) and 

minimum (N) SilviScan values for density (D), radial diameter (RD), tangential diameter (TD), microfibril angle 

(MFA), and cell-wall thickness (CWT). SDf7 site- Pemberton, BC (Tree 5). 

 

Ring 

Year 

MXD 

(kg/m
3
) 

XRD 

(µm) 

XTD 

(µm) 

XMFA 

(Deg) 

XCWT 

(µm) 

MD 

(kg/ m
3
) 

MRD 

(µm) 

MTD 

(µm) 

MMFA 

(Deg) 

MCWT 

(µm) 

MND 

(kg/ m
3
) 

NRD 

(µm) 

NTD 

(µm) 

NMFA 

(Deg) 

NCWT

(µm) 

1700 951 41.6 34.2 12.1 4.85 578 32.3 32.3 10.3 3.35 351 21.0 28.3 8.8 2.27 

1701 779 39.2 34.9 12.1 4.79 547 34.3 33.1 10.4 3.38 356 25.1 31.4 9.2 2.18 

1702 999 39.6 38.2 12.3 5.26 614 33.2 34.7 10.2 3.79 324 20.8 32.2 8.7 2.12 

1703 949 38.8 36.2 13.0 5.03 601 33.0 34.7 10.8 3.70 375 21.2 32.7 9.4 2.37 

1704 981 40.3 37.1 10.8 5.44 660 33.0 33.1 9.5 4.07 422 22.4 30.8 8.4 2.65 

1705 937 40.0 38.8 11.1 5.32 641 33.9 35.0 9.7 4.08 440 22.3 30.7 9.0 2.98 

1706 981 39.0 32.3 11.5 5.02 626 32.9 30.9 9.9 3.65 390 20.3 29.0 8.8 2.45 

1707 951 40.5 32.5 13.7 4.85 595 33.1 31.8 11.1 3.51 351 20.0 30.3 9.3 2.05 

1708 1024 42.7 32.9 11.8 5.73 668 33.5 31.2 10.3 4.00 397 21.7 29.2 8.9 2.51 

1709 1024 46.4 34.2 13.0 6.21 622 33.3 32.8 10.8 3.80 329 20.7 31.2 9.4 1.92 

 

 


