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Abstract 
 
Tree improvement programs in British Columbia have resulted in significant gains in the 
productive potential of key commercial species used in current stand reforestation.  However, 
there remains considerable uncertainty about how stand reforestation and productivity from 
both improved and wild seedlots may respond to future climate change in B.C.  This study 
examined climate-growth relationships among three co-occurring conifers in British Columbia 
across a wide range of conditions.  Increment cores were taken from a minimum of 20 mature 
trees per species per site.  Growth rings were processed using conventional dendroecological 
methods to produce growth chronologies for each species at each site.  Growth variation was 
correlated to key climatic variables at each site to determine species-specific climate responses 
across a wide range of conditions.  Results suggest that co-occurring tree species may exhibit 
highly distinct climate-growth relationships and correlations to climate variables, which 
suggests the predictions about forest responses to future climate change must be species 
specific. 
 
 
1. Introduction 
Climate is a fundamental factor influencing survival, growth and reproduction of trees. An 
examination of growth responses of trees to fluctuating climates in the past will provide 
insights in potential impacts of future climate change on tree growth and forest communities. A 
greater accuracy in predicting tree growth responses to future climate conditions is critical in 
adapting our forest management strategies in resource dependent society in British Columbia 
(B.C.) (Spittlehouse 1997, 2005).  

Species-specific climate responses to future climate change are expected because tree 
species differ in many physiological, morphological and anatomical features. These variations 
result in different optimal and critical climate conditions and resource requirements, which tend 
to determine species’ distribution within their metabolically tolerant range (Woodward 1987, 
Walther et al. 2002, Roots et al. 2003, Green 2005).  Site-specific climate responses are also 
expected because trees often display considerable phenotypic variation among populations in 
physiology, morphology, and phenology (Oleksyn et al. 1998, Aclerly et al. 2000, Howe et al. 
2003), due to the high genetic diversity in tree species (Rehfeldt et al. 1999, 2001, Hamrick 
2004). For example, northern populations were reported to be more sensitive than southern 
populations of a same species to changes in day length, which is a primary trigger in initiating 
dormancy (Li et al. 2003a). Tree populations growing at low nutrient sites usually retain 
needles longer than those at other sites to minimize nutrient losses from their tissues (Reich et 
al. 1996, Eckstein et al. 1999, Oleksyn et al. 2003). Moreover, dry habitat populations tend to 
be more efficient in water conservation than wet habitat populations by having higher root 
biomass and lower total leaf area (Zhang et al. 2005). Because adaptive traits are strongly 
associated with a number of climatic and geographic variables (Noss 2001, Howe et al. 2003), 
gradient analysis is often developed to predict physiological and ecological responses within 
species along environmental gradients (Sarr 2005). For example, Sakai and Larcher (1987) 
found that level of cold hardiness increases as mean annual temperature of habitat decreased. 
Other site-specific variations, such as growth rates, root biomass allocation and nutrient 
concentrations in leaves, were also shown to change along mean annual temperature gradient 
(Oleksyn et al. 1998, 2001). Above examples imply that trees with wide ecological ranges may 
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respond to environmental change through a combination of physiological and morphological 
adaptive features, and these variations in adaptive features among populations can be 
predictable along climate gradient to some extent (Aclerly et al. 2000, Richardson et al. 2003). 

Gradient analyses are common in characterizing changes in climate sensitivities of tree 
radial growth along elevation transects (e.g., Splechtna et al. 2000), latitude gradients (e.g., 
Hofgaard et al. 1999, Mäkinen et al. 2000) and ecosystem types (e.g., Linderholm 2001), but 
predictions along climate gradients are surprisingly rare. In addition, because most studies 
focus solely on a single species across its distribution or multiple species within a small spatial 
scale, there is a lack of comparative studies among coexisting species over a wide geographical 
and climate range. Interior spruce (Picea glauca (Moench) Voss x Picea Engelmannii Parry ex 
Engelm.), lodgepole pine (Pinus contorta Dougl. var. latifolia Engelm.) and subalpine fir 
(Abies lasiocarpa (Hook.) Nutt.) are three common conifer tree species that often coexist across 
a wide geographical and climatic range in western North America. Lodgepole pine is a shade 
intolerant, early successional species which colonizes quickly after disturbance and shows 
higher initial growth rates under high light intensity environments (Xie and Ying 1995, 
Johnstone and Chapine 2003). Interior spruce is a moderate shade tolerant, mid successional 
species, and subalpine fir is a shade tolerant, late successional species which increase in 
abundance and dominance through time in the absence of disturbance (Sarr et al. 2005). Interior 
spruce include white spruce (Picea glauca (Moench) Voss), Engelmann spruce (P. engelmannii 
Parry ex. Engelm.) and their hybrid (P. glauca x P. engelmannii), and they are treated as the 
same species in B.C. for management purposes (Nigh et al. 2004); therefore, we used this 
practice in this study.  

Specific study objectives are 1) to identify and compare climate variables most 
effectively predicting tree radial growth within and among species of lodgepole pine, interior 
spruce and subalpine fir, 2) to characterize climate sensitivity of populations to the common 
predictor climate variables within species along climate gradients and compare differences 
among species, and 3) to determine if climate responses and sensitivities could be generalized 
among species based upon ecological and successional differences.   
 
2. Methods 
2.1. Study sites 
Increment core samplings were conducted in 2005-2006 across a range of climatic conditions 
extending from southern interior of British Columbia (B.C.) to the central Yukon (Figure 1). 
Sampling stands were selected to cover a wide rage in climate conditions, represented by mean 
annual temperature and precipitation (Table 1, Figure 2). The sampling sites were selected 
based on the following criteria: 1) stands are more than 60 years old, 2) stands occur on zonal 
sites, 3) there are minimal visible evidence of health or disturbance issues, and 4) proximity to 
a local weather station. Stands were characterized as mid- to late-successional stages that were 
naturally regenerated. The sampling sites in B.C. were located within Sub-Boreal-Spruce, 
Interior Cedar-Hemlock and Engelmann Spruce-Subalpine Fir biogeoclimatic zones, which 
span a range of temperature and precipitation conditions (Meidinger and Pojar 1991).  
In B.C., the low elevation stands (<1400 m) are characterized as dense, closed canopy stands 
where deciduous species may be mixed. The high elevation stands (>1500 m) are typically less 
dense, open canopy stands where conifer species dominate. Climatic conditions in the central 
Yukon are continental and characterized by very cold and long winters and warm, short 
summers with relative low precipitation (Figure 2). Climate in southern central Yukon is 
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slightly warmer than central Yukon. Elevational transect was established at some locations (site 
E1-4 and N2-3) to provide climate gradients within a narrow geographical location.  
Coexisting species are generally defined as different species co- or sub-dominating a stand 
canopy within a community. However, it was not always possible to find all the three study 
species coexist at the same site across the range of climates. Therefore, this study used a 
definition of coexisting species as different species occupying stands that share similar 
ecological conditions, represented by mean annual temperature and precipitation.   
 
2.2. Chronology establishment 
One or two increment cores were extracted from a minimum of twenty trees per site. Healthy, 
canopy-dominant trees with little observable damage were selected for coring in order to 
minimize non-climate variations in ring width. In order to observe annual rings clearly, sampled 
cores were mounted and sanded with decreasing grain size. Cores were then scanned using a 
computer program WinDendro and annual ring width was measured to 0.01 mm. Because the 
resolution is limited using WinDendro, a microscopic measuring device called Velmex was 
used to measure tight rings for small ring increments.  

Standard dendrochronology techniques were applied during chronology constructions 
for each population (Fritts 1976). Crossdating is a procedure to identify the exact year of ring 
formation in each core and to match ring-width patterns among collected cores at a particular 
site. Crossdating is essential in detecting any missing rings or false rings, because trees may fail 
to produce an annual ring or may produce two rings in a year. A computer program 
COFFECHA (Grissino-Mayer 2001) was used to detect potential errors and to validate 
crossdating. Cores with measurement errors were re-examined under microscope and 
remeasured using Velmex. Cores that did not crossdate (a critical threshold correlation value of 
0.36 based on 40-year segment with 20-year lag) were removed from the final chronology 
construction. 

The raw ring width measurements for each crossdated core were converted to ring 
width index to minimize non-climatic factors influencing ring width variations. The variations 
in raw ring width measurements are often influenced by several non-climatic factors, including 
tree age, competition, disturbance and random variations (Cook 1985). For example, younger 
trees generally grow faster than older trees (Fritts 1976). This age-dependent biological trend 
often results in formation of wider annual rings during the early years of growth and narrower 
annual rings during the later years regardless of climate conditions. Changes in interspecific 
competitions and soil properties also influence the low frequency variations in ring width. 
Standardization was conducted fitting a cubic smoothing spline with a 50% frequency response 
cutoff of 20 or 40 years using a program ARSTAN (Cook 1985).  

The individual standardized series were then averaged to establish ring width indices 
for each population. This averaged index is called a chronology, which represents the common 
growth signal of a population at each site. Arstan chronology was used for data analyses 
because it consisted of the chronology with autocorrelation removed plus the common growth 
persistence to most individual series, which was suggested to strength the climatic signal in the 
chronology (Cook and Holmes,). Arstan chronologies with 20- and 40-year cubic smoothing 
splin were initially established and preliminary results showed 40-year smoothing splin would 
reduce unwanted low-frequency variations while maintaining a strong common signal for most 
populations. A more stochastic detrending method of fitting 20-year smoothing splin was used 
for populations at high dense, closed canopy, low elevation stand to minimize low-frequency 
variations that may be resulted from stand dynamics (Table 2). Determination of moving 
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average length was based on the preliminary results from response function analysis, stand 
characteristics, and author’s visual judgment examining chronologies. Different splin length 
was applied because standardization should maximize climate signal of each chronology that 
derived from forests with different stand history and characteristics. This practice is rare in 
dendroecology, but an example exists that different detrending methods were applied for closed 
canopy and open canopy stands (Szeicz 1997).  
 
Chronology statistics 
Mean sensitivity, standard deviation and first-order autocorrelation were calculated after 
standardization to evaluate the quality of chronologies, and the average was compared among 
species. Mean sensitivity and standard deviation of the individual ring width series are 
measures of the relative variability in ring width series. Mean sensitivity indicates year-to-year 
variations and standard deviation indicates low and medium frequency variations in ring width 
index. Mean sensitivity is calculated as the absolute difference between adjacent ring widths 
divided by the mean of the two ring widths (Fritts 1976). High mean sensitivities and standard 
deviation tend to be an indicator of a common signal of research interest, or climate in this 
case; thus, indicate more climatically sensitive, reliable chronologies (Fritts 1976, Villalba et al. 
1994). The first-order autocorrelation is the measure of the previous year’s influence on the 
current year’s growth. This is often expressed in tree ring series mainly because a lag in climate 
response of trees is common due to physiological processes within the tree and also because 
climate conditions tend to persist from one year to the next. A chronology with low 
autocorrelation indicates that radial growth in the previous year generally has a small effect on 
radial growth in the current year. 
 
PCA 
Principle component analysis (PCA) was used to assess the degree of similarity in ring width 
variations among populations for each species. Extracted principle components were subjected 
to an orthogonal Varimax rotation to maximize the variance of factor loadings on each factor 
and minimize low ones (Tabachnick and Fidell 1989). The PCA analyses were conducted for a 
period common to all chronologies within a species, represented by the number of sampling 
series above five in each chronology.  
 
2.3. Climate data 

Site-specific monthly and annual weather data were estimated using a climate model, 
ClimateBC version 3 (Beta version) (Wang et al. 2006). The ClimateBC model requires latitude, 
longitude, and elevation to generate site-specific monthly and annual climate variables in 
western Canada. This is the latest available climate model developed based on the PRISM 
(parameter-elevation regressions on independent slopes model). PRISM is a regression-based 
model that incorporates spatial patterns influencing on climate, including elevation, aspect, 
coastal effects and orographic influences (Daly et al. 2002, Hamann and Wang 2004). For 
example, elevation is a strong statistical predictor of temperatures because temperature 
decreases linearly with increasing altitude. Based on the topographical and other terrain 
features, the model adjusts reference weather station data and estimate monthly mean 
temperature and monthly total precipitation for each grid at the resolution of approximately 4 
km (Daly et al. 2002). Each reference weather station is weighted based on a distance from a 
target grid cell, elevation and other factors, and the value of the target is calculated. ClimateBC 
model uses a bilinear interpolation of the PRISM data to translate the 4 x 4-km PRISM grids 
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into a continuous surface to estimate scale-free local climate variables (Wang et al. 2006). 
Elevation adjustment was applied for temperature variables for the scale-free data. The model 
was developed based on the integration of human-expert knowledge and statistical methods, 
and verification was conducted by comparing predicted and observed climate data from 191 
weather stations that had sufficient climate records included in the 1951-1980 or 1961-1990 
normals.  
 
2.4. Climate-growth relationships 
Pearson correlation analyses were conducted to identify climate variable(s) explaining 
variations in annual ring width. Climate variables correlated with ring width chronologies 
included monthly and annual temperatures and precipitations, monthly heat moisture index 
(HM), minimum and maximum monthly temperatures, and derived variables, such as 
degree-days and frost-free period (Wang et al. 2006).  
HM is calculated as  

HM = temperature / (precipitation / 1000) 
and indicates moisture availability in a given month (Wang et al. 2006). The climate variables 
for 17 months extending back from May of the previous growth year to September of the 
current growth year. This time period was selected because it included two complete growing 
seasons (Larsen and McDonald 1995, Brooks et al. 1998). A 50-year period from 1953 to 2002 
was used for the correlations between the climate records and tree growth.  

Simple correlations and scatterplots of growth indices and monthly climatic variables 
were initially examined and these preliminary results suggested an aggregation of the monthly 
temperature variables would improve the growth-climate relationships. 
The regression models were used to evaluate the importance and strength of the predictor 
climate variables on variations in ring width index. The slope of the regression (β1) represented 
the strength of the relationship and was defined as the climate sensitivity of the population to 
the climate variable. Coefficient of determination (R2) represented the importance of the 
relationship. Because tree annual rings are seldom influenced by a single climate variable, a 
multiple regression for multiple climate variables is suggested to improve prediction of annual 
ring width. However, a multiple regression was not used because it did not lead to a consistent 
model applicable to all sites and thus, it would limit comparative investigation across the sites 
and among species.  

The trend in climate sensitivities (β1) was characterized across a range of climate 
conditions for each species using simple or multiple regression analyses. The site conditions 
included mean annual temperature and precipitation, and summer temperature and precipitation 
(June-August) in the 1960-1990 anomalies. Linear or logarithm functions that best fitted in the 
models were determined.   
 
3. Results   
 
3.1. Species-specific climate responses  
Correlation significance of ring width variations against monthly mean temperatures was 
generally stronger and more consistent within species than those against monthly total 
precipitations (Appendix A). Because of this weak correlations and regional signal among 
populations, monthly precipitation did not emerge as a useful predictor of ring width index 
within species. Although the potential responses of ring width to minimum and maximum 
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temperatures and derived variables were considered in the correlation analyses, no significant 
growth response differences were detected. For example, populations that showed significant 
correlation to average June-July temperature tended to be correlated to maximum and minimum 
temperatures for the months and derived variables during summer, such as growing degree-day 
(>5 ºC) and heating degree-day (>18 ºC). Because these climate variables are highly associated, 
and the objective of this study was the comparative investigation among species rather than 
among similar climate variables, the correlations established with monthly mean temperatures 
were mainly focused on my observation. Some correlations with HM were also presented to 
support discussion.  

Simple correlation analyses between the ring width chronologies and monthly mean 
temperatures showed different climate response patterns among the three coexisting species and 
among populations for pine and subalpine fir (Table 3). For spruce, mean temperatures in June 
and July of the current growth year were consistently correlated to the ring width chronologies 
(Table 3a). The relationships of ring width index to June and July temperatures were either 
negative or positive based on the PCA groupings (Figure 3a). The first component (PC1) 
clustered the populations at low elevation, warmer sites in the south (S), central (C1, C2) and 
east (E1, E2) of B.C. and responded either negatively or no correlations to the June temperature. 
The second (PC2), third (PC3) and fourth (PC4) component included western B.C. sites (W, 
Ww), Yukon sites (N1-N3) and high elevation eastern B.C. sites (E3, E4), respectively, and 
showed positive responses to June and July temperatures. The most northern site (Nn) was not 
loaded onto any PC, and responded negatively to June temperature (Figure 3a).  

Contrary to spruce, the primary climate variables predicting radial growth of lodgepole 
pine varied among populations (Table 3b). The PC1 contained the all populations at E, W, and 
Ww B.C. sites. The PC3 grouped the populations in the central B.C. location (C1, C2). The 
PC2 clustered all Yukon populations. The population at the southern most site in this study (S) 
was not loaded on to any PC. Ring width index of populations in PC1 and PC3 were 
dominantly positively correlated with winter temperatures from October to March prior to 
growth, with an exception of no significant correlation in December (Table 3b). Populations in 
PC1 were also positively correlated with July and August temperatures in the year of ring 
formation. Ring width index of populations in Yukon (PC2) was primarily negatively correlated 
with June temperature in the year of ring formation. In addition, PC2 populations appeared to 
be sensitive to moisture conditions, as they were negatively correlated with HM in July and 
August of the previous growth year and June of the current growth year (Table 4). 

Subalpine fir showed variations in climate responses among populations similar to 
those found within principal component groups in lodgepole pine (Table 3c, Figure 3c). 
Populations clustered into the PC1, including E4, W, Ww1 and Ww2, were primarily positively 
correlated with winter temperatures from October to March prior to growth (Table 3c). The 
western populations (W, Ww) were also positively correlated with July temperature of the 
current growth year. The PC 2 populations (C1, E1, E2, E3) were negatively correlated with 
May and June temperatures in the year of ring formation. The PC3 contained the all three 
Yukon populations and the PC4 included the most southern site S. No consistent climate 
responses were found within the PC3.  
 
3.2. Gradient analyses 
Based on the correlation relationships, the growing season temperatures and winter 
temperatures were identified as common predictor climate variables for many ring width 
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chronologies.  
 
Growing season temperatures 
Growing season temperature was defined as any period during May and August of the current 
growth year when significant correlation between the ring width index and monthly or 
combination of monthly temperatures was found, and this was site- and species-specific Spruce 
was consistently sensitive to mid-summer temperatures from June to July, while lodgepole pine 
and subalpine fir were generally sensitive to late summer and early summer temperatures, 
respectively (Table 5). Changes in sensitivities (β1) of populations to the growing season 
temperatures appeared to change along mean summer temperature or total summer precipitation 
(June-August) gradients of sampling sites. Multiple regression analysis showed that spruce 
sensitivities to June and July temperatures were a function of summer temperatures of sites 
(P<0.0004), but not a function of summer precipitation of sites (P=0.509) (Figure 4a, b). The 
linear regression predicted that spruce radial growth was positively influenced by June-July 
temperatures where mean summer temperature was below 13.1 ºC threshold, but above this 
threshold value, spruce growth appeared to be negatively influenced by increased June-July 
temperatures. The sensitivities of pine radial growth to growing season temperature changed 
logarithmically from negative to positive as summer precipitation of sites increased (p<0.0004, 
Figure 4d), but no significant relationship was found along summer temperature gradient 
(P=0.094 for linear regression, Figure 4c). Pine radial growth was predicted to be positively 
affected by increased growing season temperatures at sites where summer precipitation was 
above 175 mm, but the impacts became negative at sites with summer precipitation below the 
threshold value of 175 mm. Although ring width index of eight out of 12 subalpine fir 
populations showed regression relationships to growing season temperatures (Table 5), the 
changes in the sensitivities of fir were not explained along summer temperature (P=0.067) or 
precipitation (P=0.803) gradients.  
 
Winter temperatures 
Mean monthly temperatures from October to March were averaged as winter temperatures and 
appeared to improve correlations between the chronologies and the climate variables. In B.C., 
90% and 56% of pine and fir populations, respectively, showed positive correlations with 
winter temperatures from October to March prior to growth (Table 5). The sensitivities (β1) 
decreased with increasing mean annual temperature of sampling sites and this trend was similar 
for pine and fir within B.C. (P≤0.0004, Figure 5). However, the multiple regression analyses 
showed that these trends were not function of mean annual precipitation of sites for pine 
(P=0.709) or fir (P=0.803) within B.C. No spruce populations in this study showed correlations 
to the winter temperatures.    
 
4. Discussion 
4.1. Species-specific climate response  
My data showed that the pattern in climate responses across a range of climate conditions 
varied among species. Interior spruce chronologies exhibited a consistent pattern of significant 
correlations to summer conditions in the year of ring formation (Table 3a). This agrees with 
previous studies with white, Engelmann and other Picea species (Mäkinen et al. 2000, St. 
George and Luchman, 2001). For example, a coherent, spatially consistent climate response to 
summer temperature among Englemann spruce populations was found across a 500 km long 
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sampling region in the Canadian Rockies (St. George and Luckman 2001). In Scandinavia, 
Picea abies was shown to exhibit similar growth responses to summer conditions over a large 
geographical area extending from central Finland to the Arctic timberline (Mäkinen et al. 2000). 
These previous studies and my data suggested that spruce may maintain a strong common ring 
width signal under different conditions over several thousand kilometers. Contrary, pine and fir 
exhibited variations in climate responses among populations growing across the wide range of 
geographical and climate habitats (Table 3b, c). My data showed that pine populations in B.C. 
were consistently responded to winter temperatures prior to growth while Yukon populations 
were predominantly sensitive to summer moisture conditions in the previous and current 
growth years (Table 4). Previous studies showed complex climate responses of lodgepole pine 
radial growth to various climate variables, including positive correlations to winter 
precipitation prior to growth in Sierra Nevada (Graumlich 1991), positive correlations to 
September and October temperatures of the previous growing season in Colorado Front Range 
(Villalba et al. 1994), and positive correlations to June and July temperatures in southern B.C. 
(Parish and Antos 2002). These examples resulted from small scale sampling regions and 
information on tree ring analyses within a large geographical scale is not available for 
lodgepole pine based on my knowledge. However, it is suggested that lodgepole pine 
maintained high levels of within population variation for adaptive traits, and showed strong 
latitudinal and elevational clines for cold hardiness and annual growth ring lignification 
(Rehfeldt et al. 1999, Aitken and Hannerz 2001). Subalpine fir was also suggested to exhibit 
differential climate responses in radial growth across its distribution. For example, studies in 
the northwest coast of U.S. reported growth similarities among chronologies from middle and 
low elevation sites, separating climate responses of high elevation trees (Ettl and Peterson 1995, 
Peterson et al. 2002).  

The key conclusion based on my data and previous studies is that predicting climate 
responses of spruce in a wide range of its distribution may be less complex due to the 
consistency in climate response, while detailed local investigation may be required for 
assessing climate responses of lodgepole pine and subalpine fir. 
 
4.2. Gradient analyses and comparison among species 
Summer temperatures 
The gradient analyses showed that increased temperatures during growing season can enhance 
or suppress tree stem growth depending on the site conditions where trees grow (Figure 4, 
Table 5). For spruce, the trend was explained linearly along summer temperature gradient, 
suggesting that high June-July temperature was favorable for spruce radial growth at cooler 
sites but it was stress at warmer sites beyond 13.1 ºC threshold (Figure 4a). Increased growing 
season temperatures are generally expected to enhance growth at temperature limited sites 
(Klinka et al. 1996). Positive effects of June and July temperature on radial growth was 
reported in Engelmann spruce at the upper treeline sites in interior B.C. (Wilson and Luckman 
2003) and in the central Canadian Rockies (St. George and Luckman 2001). In Scandinavia, 
positive responses of Picea abies to June temperature was found for all the populations 
sampled along a latitudinal transect from central Finland to the Arctic timberline, and the 
positive correlations to July temperature were also highest at northern sites than the 
southernmost region (Mäkinen et al. 2000).  

On the other hand, reduced radial growth due to increased summer temperature was 
also reported for white spruce in Yukon (D’Arrigo et al. 2004) and Alaska (Barber et al. 2000, 
Wilmking et al. 2004). These studies suggested that the possible causal mechanism would be 
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the drought stress induced by high summer temperatures. Although my data showed that 
summer precipitation was not a strong predictor of tree radial growth (Appendix A) or the 
negative response to summer temperatures did not seem to be associated with moisture 
conditions of sites (Figure 4b), it is also difficult to separate the effects of high temperature 
stress and moisture stress under natural conditions. Because high temperature is often 
accompanied by more sunny days and higher solar radiation, moisture stress likely occur at 
warmer and drier sites during summer (Hällgren et al. 1991). For example, Barber et al. (2000) 
found that negative correlation of spruce ring width to the summer monthly temperatures were 
associated with reduced CO2 uptake and higher water vapour loss during photosynthesis in 
semi-arid interior Alaska where potential evapotraspiration potentially equal to annual 
precipitation. D’Arrigo et al. (2004) also reported that spruce growth would increase with 
increasing summer temperature to a certain threshold, but growth decrease beyond the 
threshold value if precipitation stays constant. These examples are similar to my data, showing 
the negative response of spruce to June temperature and heat moisture index at the northern 
most population (Nn) in Yukon. This site is relatively dry and warm in summer; therefore, 
negative impacts of moisture stress during growing season were expected. 

Contrary to spruce, the change in pine sensitivities to the current summer temperature 
was explained along summer precipitation of sampling sites. My data suggested that high 
summer temperatures limited radial growth at dry sites, but not necessarily at warm sites as 
seen in spruce (Figure 4c, d). For example, pine populations in Yukon occur in dry 
environments of less than 150 mm in summer precipitation, but temperature during summer is 
not extremely high, ranged from 10.6 to 13.3 ºC (Figure 4c). Pine populations in Yukon showed 
negative correlations to June temperature and moisture heat index (Table 4), indicating that 
moisture stress may be the dominant limiting factor at dry sites. It is suggested that trees tend to 
close stomata to minimize water loss during day time in summer, which also prevents 
photosynthesis due to low levels of O2 uptake (Sperry 1995). Among the three species, 
lodgepole pine tends to occur in warmer and drier climates, whereas interior spruce dominates 
cooler and moister environment in B.C. (Burns and Honkala 1990). Therefore, moisture may be 
more of a limiting resource for lodgepole pine, and temperature may be more of a limiting 
resource for interior spruce. Therefore, increased growing season temperature may suppress 
growth of pine at drier sites and spruce at warmer sites. 
 
Winter temperatures 
Because photosynthetic activities of trees are concentrated during summer, growing season 
temperatures are generally believed to limit tree growth. However, the results from this study 
showed that radial growth of lodgepole pine and subalpine fir at colder sites in B.C. was also 
explained by environmental conditions prevailing prior to and during winter (Figure 2), as 
importance (R2) and significance of regression relationships of winter temperatures on tree 
radial growth were often higher than growing season temperatures (Table 5). Positive 
correlations between winter conditions and radial growth were reported in numerous studies in 
tree ring analyses, and the potential reason for this is suggested as the extension of growing 
seasons (Splechtna et al. 2000, Kirdyanov et al. 2003, Pederson et al. 2004). It was reported for 
pine that prolongation of growing season in late fall may enhance photosynthesis and 
accumulation of carbohydrate for winter and spring flush (Lebourgeois 2000). A high 
temperature in late winter also influences the breaking of dormancy and the resumption of 
physiological activity in the tree (Lebourgeois 2000). The extension of growing season due to 
late snowfall and early snowmelt associated with high winter temperature was also reported to 
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positively affect tree radial growth of conifers. For example, deep snowpack in early spring 
showed negative effects on tree radial growth for subalpine fir (Larocque and Smith 2005), 
Tsuga mertensiana (mountain hemlock) (Peterson and Peterson 2001) in the western North 
America and Larix spp. in the subarctic Russia (Kirdyanov et al. 2003). For subalpine fir, the 
timing of snowmelt is suggested to be correlated with growth initiation and shoot expansion 
(Peterson and Peterson 2001, Peterson et al. 2002). These studies suggested that the timing of 
snowmelt can be good indicators of the start and overall length of the growing season. Another 
potential benefit of high winter temperature is the reduced risks of frost damages on tree 
tissues.  

For example, frost cracks are longitudinal separations in the trunks and limbs of trees, 
caused by ice formation in extracellular spaces inside the wood (Guy 2003). This event is 
proportional to temperature below the freezing point, and frost cracks may increase 
susceptibility to disease. Warmer winters may minimize frost damages especially when trees 
are most susceptible to frost events before developing frost hardiness in autumn and around the 
time of budbreak in spring (Aitken and Hannerz 2001, Beck et al. 2004). Contrary, the potential 
risks of high winter temperatures on tree growth and survival include the weak establishment or 
early break of cold hardiness, which may result in cold injuries during cold snap (e.g., Van Der 
kamp and Worrall 1990). The consumption of carbohydrate reserve through increased 
respiration and evapotranspiration in warmer winter was also suggested to reduce stem growth 
in the following summer (Loehle and LeBlanc 1996, Ögren et al. 1997).  

Biological bases for the positive impacts of high winter temperatures on tree radial 
growth are not fully understood. However, the greatest magnitude of warming in the in the past 
150 years has been reported in winter and early spring at the global scale (Jones et al. 1999, 
Barber et al. 2000). Therefore, winter conditions might need to be considered as a guide to the 
kinds of climate change when evaluating responses of tree growth and forest ecosystems.  

More reliable information on effects of seasonal climates on tree radial growth may be 
obtained by examining earlywood ring width, latewood ring width and late wood maximum 
density separately than by using total annual ring width alone. Earlywood is the large diameter, 
thin-walled tracheid cells that forms in spring and early summer whereas latewood is the small 
diameter, thick-walled cells that form at the end of the growing season. Numerous studies 
suggest that earlywood width are predominantly influenced by conditions prior to growing 
seasons and years before, while latewood ring width and maximum density tend to be more 
sensitive growing season conditions (D’Arrigo et al. 1992, Barber et al. 2000, Lebourgeois 
2000). These parameters can be used to obtain more detailed seasonal climate information on 
tree stem growth in the future studies.  
 
 
4.3. Similarity between lodgepole pine and subalpine fir 
The overall climate responses were relatively similar for subalpine fir and lodgepole pine 
compared to spruce in terms of the site-specific climate responses among populations and 
sensitivities to winter temperatures for populations at cold sites in B.C. (Figure 5). Spruce and 
fir were expected to exhibit similar adaptive responses to climates because they share many 
similarities in suitable habitat conditions and ecological status. For example, they tend to occur 
in cooler and wetter habits and show more shade tolerance and later successional status than 
pine (Burns and Honkala 1990). Green (2005) showed similar phenological responses between 
fir and spruce that separated the adaptive response of lodgepole pine in seedling study. He et al. 
(2005) also found that late successional trees were more drought sensitive than early 
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successional trees among coexisting saplings. However, they also found that drought sensitivity 
decreased with age and difference in drought response among coexisting species was less clear 
in mature trees than the saplings. A previous study on mature trees using tree ring analyses 
reported that radial growth of subalpine fir and Engelmann spruce exhibited similar climate 
responses to moisture conditions in the previous growing season at dry site, but dissimilar 
climate responses at humid and mesic sites in Colorado (Villalba et al. 1994). The study 
reported that spruce was more sensitive to the current growing season conditions while fir was 
strongly sensitive to the previous growing season conditions, probably due to different water 
use efficiency between the two species. Above examples and my data may imply that even in 
small differences in physiological or morphological features and age of trees may results in 
different adaptive responses to climate change. Growth responses to changes in competition 
levels (e.g., light) and frequency of disturbance (e.g., fire) are generally more directly related to 
shade tolerance (e.g., Simard et al. 2004) or successional status (e.g., Johnstone and Chapin 
2003), respectively; thus, these parameters can be compared among coexisting species.  

However, given the complexity in ecological processes and tree-physical environment 
interactions, an expectation of similar climate responses among species that share similar 
ecological growth strategies may be too simplistic.  
 
5. Conclusion and Management Implications 
 
Regarding the species-specific radial growth response to the past climate conditions among 
coexisting species, alteration of species interaction, dominance and forest composition are 
expected in the future forest communities. My data suggested that lodgepole pine and subalpine 
fir at cold sites may take advantage of high winter temperatures and probably associated 
extended growing seasons, while change in mid-summer temperature can have strong impacts 
on radial growth of interior spruce. For example, Stohlgeren and Bachand (1997) suggested that 
a warmer and drier climate in the future may increase the abundance and range of lodgepole 
pine into spruce and fir stands. Therefore, shift in species distribution and changes in forest 
types are also expected at landscape level.    

This study suggests that species-specific investigation is critical in predicting impacts of 
climate change on tree growth, including productivity, tolerance and limitations. The models 
provide potential responses of tree radial growth to fluctuating climate conditions based on the 
current site conditions. Shifts in the current site conditions from warmer to cooler or wetter to 
drier and vise versa may need to be considered. The information may be used for future 
planning in forest management including site and species selection for replanting decisions in 
the future. 
 
  



 13

 
Table 1. Description of sampling sites.   

Sites Species  Elevation 
(m) 

Latitude 
(N) 

Longitude 
(W) Aspect BEC in BC Site 

Codes 
British Columbia        
Vernon        

Silver Star Pl 1000 50° 19’  119° 08’  S IDF mw S 
King Eddy Sx 1165 50° 10’  119° 11’  SE MS dm S 
King Eddy Bl 1200 50° 10’  119° 11’  SE MS dm S 

Prince George        
Cranbrook Hill Pl/Sx/Bl 753.5 53° 55’  122° 53’  Flat SBS dw C1 
Domano Blvd. Pl/Sx 650.4 53° 48’  122° 44’  Flat SBS mk C2 

McBride        
McBride Peak Pl/Sx/Bl 1200 53° 19’  120° 09’  SW ICH mm E1 
McBride Peak Pl/Sx/Bl 1400 53° 19’  120° 08’  SW ICH mm E2 
McBride Peak Pl/Sx/Bl 1600 53° 19’  120° 07’ SW ESSF mm E3 
McBride Peak* Pl/Sx/Bl 1800 53° 20’  120° 07’  SW ESSF mm E4* 

Smithers         
Onion Mnt. * Pl/Sx/Bl 1550 54° 48’  126° 52’  SW ESSF mc Ww1* 
Onion Mnt. Sx/Bl 1360 54° 48’  126° 53’  SW ESSF mc Ww2 
Hudson Bay Mnt. Pl 1400 54° 45’  127° 15’  S ESSF wv Ww2 

South of Fraser Lake        
Top Lake* Pl/Sx/Bl 1640 53° 16’  125° 10’  SW ESSF mv W* 

Yukon        
Whitehorse        

Wolf Creek Pl/Sx/Bl 950 60° 35’  135° 03’  SW N/A N1 
Grey Mountain Pl/Sx/Bl 1150 60° 39’  134° 53’  E N/A N2 
Grey Mountain Pl 820 60° 41’  134° 58’  E N/A N3 
Grey Mountain Sx 845 60° 41’  134° 57’  E N/A N3 

Mayo, Keno        
Mayo Sx 520 63° 37’  135° 53’  SW N/A Nn 
Mayo Pl 510 63° 29’  136° 16’  Flat N/A Nn 
Keno Hill Bl 1300 63° 55’  135° 15’  S N/A Nn 

Note: Abbreviations for tree species are as follows: lodgepole pine (Pl), interior spruce (Sx) and subalpine fir (Bl). 
Abbreviations for biogeoclimatic zones are Interior Cedar-Hemlock (ICH), Engelmann Spruce-Subalpine Fir (ESSF), and 
Sub-Boreal-Spruce (SBS); subzones are moist-mild (mm),  wet-cool (wk), wet-cold (wc), dry-warm (dw) and moist-cool 
(mk) (Meidinger and Pojar 1991). * indicate altitudinal treeline sites. Site codes were assigned based on relative NEWS 
direction from Prince George (Central).   
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Table 2. Summary characteristics of the master chronology for each population. 
 

Species Site No. 
radii 

No. 
Trees Start- End Mean No. 

years 
Mean 
Sens. Std. Dev. AC(1) Spline 

Pl S 38 23 1917-2005 79.1 0.150  0.168  0.318  20 
 C1 16 16 1901-2004 82.3 0.131  0.120  0.338  40 
 C2 20 20 1904-2004 76.3 0.133  0.149  0.251  20 
 E1 21 20 1901-2004 89.6 0.123  0.121  0.149  20 
 E2 21 21 1928-2004 69.5 0.142  0.111  -0.244  20 
 E3 20 20 1911-2004 79.3 0.131  0.121  - 40 
 E4 20 20 1904-2004 79.6 0.163  0.194  0.349  40 
 Ww1 24 16 1899-2005 84 0.201  0.226  0.174  40 
 Ww2 30 20 1858-2005 94.9 0.157  0.151  0.143  40 
 W 27 18 1870-2005 86.6 0.241  0.256  0.254  40 
 N1 26 15 1937-2004 63.3 0.160  0.177  0.407  40 
 N2 17 13 1919-2004 65.7 0.157  0.152  0.173  40 
 N3 27 20 1887-2004 109.7 0.140  0.165  0.453  40 
 Nn 19 14 1905-2004 61.7 0.176  0.183  0.333  40 

Sx S 38 21 1876-2005 107.1 0.146  0.154  0.332  20 
 C1 21 18 1868-2004 85.2 0.107  0.121  0.289  40 
 C2 26 22 1912-2004 71.2 0.133  0.136  0.224  20 
 E1 17 17 1910-2004 79.1 0.099  0.098  0.212  20 
 E2 12 12 1927-2004 69.1 0.083  0.094  0.368  40 
 E3 22 22 1920-2004 74.6 0.106  0.107  0.252  40 
 E4 23 23 1920-2004 73 0.104  0.099  0.191  40 
 Ww1 25 17 1907-2005 81.4 0.151  0.152  0.182  40 
 Ww2 27 18 1810-2005 154 0.142  0.147  0.123  40 
 W 30 22 1843-2005 96.9 0.160  0.160  0.147  40 
 N1 20 14 1919-2004 72.5 0.130  0.137  0.328  40 
 N2 38 24 1888-2004 88.3 0.147  0.132  - 40 
 N3 25 15 1795-2004 114.6 0.186  0.206  0.285  40 
 Nn 37 21 1895-2004 107.4 0.233  0.270  0.365  40 

Bl S 28 18 1880-2005 99.5 0.119  0.115  0.181  20 
 C1 20 20 1882-2004 82.6 0.117  0.138  0.365  40 
 E1 22 20 1914-2004 68.6 0.129  0.135  0.339  40 
 E2 20 20 1927-2004 65.6 0.112  0.101  - 40 
 E3 25 25 1920-2004 74.7 0.090  0.096  - 40 
 E4 18 18 1923-2004 72.8 0.106  0.108  - 40 
 Ww1 31 17 1870-2005 82.6 0.175  0.168  0.207  40 
 Ww2 26 15 1811-2005 138.8 0.102  0.115  0.210  40 
 W 31 20 1888-2005 90.7 0.144  0.170  0.182  40 
 N1 29 19 1928-2004 66.9 0.123  0.128  0.343  40 
 N2 22 14 1926-2004 69.5 0.116  0.140  0.453  40 
 Nn 63 40 1890-2004 81.8 0.136  0.136  0.248  40 

Note: Species (Sp.) are Pl for lodgepole pine, Sx for interior spruce and Bl for subalpine fir. Mean sens., Std, Dev. 
and AC(1) are mean sensitivity, standard deviation and first-order autocorrelation, respectively, after 
standardization Spline indicates 20- or 40-year cubic smoothing spline length used to standardize a chronology. 
See Table 1 for site codes.  
 



 15

Table 5. Regression slope (β1) and determination of coefficient (R2) for regression models 
predicting annual ring width of lodgepole pine and subalpine fir populations from predictor 
climate variables: growing season and winter temperatures (October-March). β1=0 indicates no 
significant regression relationship was detected (P=0.050).  
 
 Lodgepole pine     Subalpine fir  
 Growing season Winter   Growing season Winter 
Sites R2 β1 R2 β1  Sites R2 β1 R2 β1 
S - 0 - 0  S - 0 - 0 
C1 - 0 0.18 0.029**  C1 d 0.30 -0.067***  - 0 
C2 - 0 0.21 0.033***  E1d 0.23 -0.048***  - 0 
E1a 0.18 0.059** 0.16 0.032**  E2 d 0.15 -0.036**  - 0 
E2 a 0.16 0.046** 0.25 0.034***  E3 d 0.09 -0.026*  0.10 0.018*  
E3 a 0.11 0.044* 0.34 0.045***  E4  - 0 0.25 0.028***  
E4 a 0.08 0.054* 0.23 0.051***  W b 0.16 0.043**  0.25 0.039***  
W a 0.11 0.073* 0.24 0.062***  Ww1 b 0.19 0.045**  0.42 0.050***  
Ww1 b 0.09 0.045* 0.18 0.049**  Ww2 b 0.11 0.022*  0.20 0.023***  
Ww2 b 0.14 0.041** 0.15 0.032**  N1  - 0 - 0 
N1  - 0 - 0  N2 d 0.14 -0.052**  - 0 
N2 c 0.13 -0.035** - 0  Nn  - 0 - 0 
N3 c 0.12 -0.048* - 0       
Nn c 0.11 -0.046* - 0       

*** represents P≤0.001; ** represents P≤0.010; * represents P≤0.050. 
a growing season = July-August 
b growing season = July 
c growing season = June 
d growing season = May-June 
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Figure 3. Component scores of principal components PC1, PC2, PC3 and PC4 for the three 
species (only three components were extracted for lodgepole pine). Each bar represents the 
value of the principal component for each chronology. The numbers below the PC groupings is 
the percent variables explained by the component. See Table 1 for site codes.  
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Figure 4. Climate sensitivities (regression slope; β1) of spruce and pine to the current growing 
season temperatures along summer temperature and precipitation gradients. Value zero 
indicates there was no significant relationship between the ring width index and any months 
during the growing season for the populations. Linear and logarithmic lines are shown for the 
statistically significant relationships (P≤0.05). ● represents B.C. populations and ▲represents 
Yukon populations. Summer temperature and precipitation of sites were anomaly for 
1960-1990 period.  
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Figure 5. Climate sensitivities (regression slope; β1) of spruce and pine to the winter 
temperatures (October- March) prior to growth along mean annual temperature gradients. Value 
zero indicates that no significant relationship was found between the ring width index and 
winter temperatures. ● represents B.C. populations and ▲represents Yukon populations. Linear 
and logarithmic lines were only applied for B.C. populations. The mean annual temperature of 
sites was anomaly for 1960-1990 period.  
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