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Abstract 
Western larch is a deciduous conifer native to the southeastern corner of British Columbia. As a 

species rescue strategy, this species as been planted throughout the province to improve its 

resilience to climate change. Tree core samples were collected from a 40-year-old plantation of 

western larch and lodgepole pine from central BC to determine the influences of climate on each 

of the species, as well as determine the difference in interspecies response to climate. 

Densitometry and ring width analysis was performed, and measurements of ring width, 

maximum density, and mean density were produced. Statistical analysis compared climate 

variables (maximum temperature, minimum temperature, mean temperature, total precipitation) 

with measured ring variables. This determined that there were different months of temperature 

and precipitation influencing the two species, and that highly correlated monthly climate 

variables we able to predict a large portion of the ring measurement chronologies. Larch 

maximum density was much lower than what was predicted in the literature, and this could be 

due to either a juvenile wood response, or as a result of the species being planted very far out of 

its historic range. More analysis of western larch in the surrounding area is needed to before 

solid predictions may be made about the species’ growth response in a northern climate.  
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Introduction 

There are a multitude of dendroclimatological and dendroecological studies throughout 

western North America (Fritts 1972); however, the majority of them are restricted to a select 

group of species (Griesbauer 2019). Dendrochronology is used around the world to determine 

tree growth characteristics in relation to other factors of interest (Fritts 1972). This method of 

studying trees has been used in the past to date historic events, determine the effects of different 

biotic damages, establish dates of anthropological uses of trees in the past, and determine growth 

responses to climate through time (Stokes and Smiley 1968). Typical non-destructive sampling 

methodology involves taking a small core of wood that catches the pith of the tree to determine 

its total age and significant marker years (Fritts 1972). These significant years will show 

abnormal growth responses compared to others (Stokes and Smiley 1968; Fritts 1972).  

 The climate in northern British Columbia (BC) changes from year to year and varies by 

location (Rehfeldt and Jaquish 2010). Climate change can make the variation between years 

more pronounced, and overall, there is a trend for winters to be warmer and for more rain to fall 

instead of snow (Rehfeldt and Jaquish 2010). Chen et al. (2017) found that the past few decades 

have been the warmest on record in the last 1400 years, and since that study was completed, 

there have been some of the worst drought years on record around the globe. Climate is a major 

driver in plant distribution (Chun et al. 2017), and with climate changing so drastically, different 

plant communities, and even ecosystems, are being threatened by extinction (Crotteau et al. 

2019). In some regions, plant communities are not able to adapt quickly enough to redistribute 

themselves as fast as the climate is changing (Crotteau et al. 2019). After the last ice age, trees 

gradually recolonized the previously ice-covered ground, and since then, their distributions have 

changed very little (Montwe et al. 2016). 
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To aid in the conservation of species during rapidly changing climatic conditions, forest 

managers can use a process called assisted migration (AM) (Klenk and Larson 2014). AM is the 

practice of moving trees to areas outside of their historic range, and Klenk and Larson (2014) 

describe AM as a possible species rescue strategy. In the case where species are falling behind 

the pace of climate change, managers can plant seedlings in areas further beyond where the 

species would naturally be able to distribute its seeds (Crotteau et al. 2019). This allows future 

generations of the species to grow in a climate for which they are better suited (Mamet et al. 

2019).  

Species description 

Western larch (Larix occidentalis Nutt.) is a deciduous conifer (Parish 1996) that is 

native to south-eastern BC and the north-western United States (US) (Ratcliffe et al. 2014). It has 

a narrow ecological niche, increasing its risk to environmental impacts (Mamet et al. 2019; 

Crotteau et al. 2019). Many studies have measured and predicted the expected expansion north of 

its historical range (Rehfeldt and Jaquish 2010); however, under current seed transfer policy, 

western larch may be artificially planted anywhere in BC within its seed transfer zones (Klenk 

and Larson 2014). Seed transfer zones are areas where a certain progeny of trees can be planted 

and will be ecologically suited (Rehfeldt and Jaquish 2010).  

Natural western larch ecosystems are at risk of extinction due to a rapidly changing 

climate (Crotteau et al. 2019), and because of this, forest managers have deemed western larch to 

be a high priority for climate-based seed transfer (Klenk and Larson 2014). Since the 1970’s and 

possibly earlier, western larch has been planted throughout the province, resulting in pockets of 

the species significantly north of its historic distribution (Klenk and Larson 2014). The success 

of these plantations may indicate that the species’ range is constricted more by its dispersal 
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ability than the climatic conditions it exists under (Rehfeldt and Jaquish 2010; Nash 2011; Klenk 

and Larson 2014). 

Western larch naturally grows in the Columbia River basin in valleys and lower slopes (Parish 

1996). This species can be found in a multitude of ecosystems but is commonly found growing 

alongside Douglas-fir (Pseudostuga menziesii) and lodgepole pine (Pinus contorta Douglas var 

latifolia) (Scher 2002). Western larch is an early seral species (Mamet et al. 2019), often 

outgrown by pine or spruce in later years; however, it has been known to live more than 900 

years and grow over 60 m in height (Croteau et al. 2019). There are three native Larix species in 

Canada, but L. occidentalis is the most productive of them (Klenk and Larson 2014). Western 

larch has an extended growing season compared to many other conifers in BC (Scher 2002). 

While most will stop growing in a radial direction in July or August, larch will continue to grow 

into September (Parish 1996). In addition to this, larch also has an earlier bud burst than most 

conifers (Scher 2002). This may be an adaptation to its deciduous nature, allowing the tree to 

gain as much as it can from its growing season.  

Western larch is also highly sought out as a timber tree (Ratcliffe et al. 2014). It has a 

very strong wood, having one of the highest wood densities of all the commercially significant 

conifers in BC (Ratcliffe et al. 2014). Though larch ecosystems in BC are at risk due to climate 

change (Crotteau et al. 2019), most of the northward seed transfer in the past has been for 

economic reasons (Klenk and Larson 2014).  

 Many previous studies have investigated how well trees will grow at different latitudes 

and under different climatic conditions (Ratcliffe et al. 2014; Rehfeldt and Jaquish 2010; Klenk 

and Larson 2014; Mamet et al. 2019). Many of these studies have been completed on species 

such as Douglas-fir (Crawford et al. 2006) and lodgepole pine (Montwe et al. 2016); however, 
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there is a significant lack of research concerning western larch (Griesbauer 2019). In the last four 

decades, larch plantations have been established throughout the Omineca/Skeena region of BC to 

observe how the trees would grow outside of their natural range. This study will investigate one 

of these plantations to determine, 1) the temporal patterns of western larch annual maximum 

density, mean density, and ring width compared to temperature and precipitation in the region 

over time; 2) the temporal patterns of lodgepole pine annual maximum density, mean density, 

and ring width compared to temperature and precipitation in the region over time; and 3) the 

relationship between growth in western larch and growth in lodgepole pine.  

Methods 

Site description 

Western larch and lodgepole pine were sampled from a 47-year-old cut block within the 

Regional District of Bulkley-Nechako, located in west central BC. Figure 1 show the study site 

in relation to the historic distribution of western larch. The location for this study was chosen by 

H. Griesbauer at the Ministry of Forests, Lands, Natural Resource Operations and Rural 

Development in BC (Griesbauer 2019). The sample block was located approximately 23 km 

SSW of the city of Vanderhoof, BC along the Corkscrew Forest Service Road (FSR) (Griesbauer 

2019). Thirty-seven five-mm tree cores were collected from 10 plots established on the block. 

Where possible, plots were required to be within the portion of the block that was planted as 

western larch, but the seedlot of this plantation was not known. The oldest trees in the stand were 

preferentially sampled from the block to provide the longest timeline of growth to compare with 

existing climate data (Griesbauer 2019).  

The block, Opening ID: -625840000, was harvested in 1972, with a gross area of 118.3 ha. In 

1981, 19 ha total were planted: 5 ha western larch (6000 stems) 14 ha lodgepole pine (20000 
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stems) (MFLNRORD 2018). The area planted with western larch, and sampled for this study, 

lies along the west side of the Corkscrew FSR. Because the block was harvested prior to 1987, 

there is no cutting permit or block number associated with it, and this block will hereafter be 

referred to as the Corkscrew site.  

 

Figure 1. Map showing the natural distribution of western larch in the south eastern corner of the province 

(MFLNRORD). This has been annotated to show the approximate location of the study site in red and the 

approximate location of the Fort St. James weather station in orange.  

 

Field sampling  

Field sampling methods were followed according to Griesbauer et al. (2011) and 

Griesbauer and Green (2012). Ten circular, 50m2 plots were established at the Corkscrew site in 
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a pseudorandom pattern. In each plot, all trees greater than 7.5cm DBH were sampled, and co-

occurring lodgepole pine were also sampled wherever possible. Trees were sampled at stump 

height (30cm) using a 5.1-mm increment borer. If on a slope, cores were taken perpendicular to 

the slope to minimize the effects of reaction wood. Twenty-four of the 37 cores collected were 

from western larch, the target species for this study (Griesbauer 2019).  

As cores were collected, notes were made about the site series, aspect, slope, slope 

position, presence of biotic and abiotic factors, and plant communities within the plots. For each 

tree, information was collected about species, height, diameter at breast height, diameter at 

stump height, condition, and presence of relevant forest health factors (Griesbauer 2019). 

Processing and chronology development 

 After collection, tree cores were stored in plastic straws, frozen, and then brought to the 

University of Northern British Columbia (UNBC) lab for analysis. All cores were thawed, dried, 

and labeled as site-plot-species-tree (example: CS-1-L-3 indicates a core form the Corkscrew 

site, plot 1, western larch, tree 3). Cores were then placed into an acetone Soxhlet Extraction 

Unit (SEU) for 5 hours to remove resins from the wood (Jensen 2007). This process of solid-

liquid extraction is done to prevent over-estimation of density measurements of the structural 

wood due to chemical extractive content (Wood and Smith 2015). Due to their length, 14 cores 

needed to be run through the SEU twice. These cores were run through the SEU once with bark 

facing down, were flipped over, and were run through again once with bark facing up. It was 

noted which cores were run twice in Appendix 1. After this, cores were mounted between two 

grooved fibreboard mounting blocks using wood glue. Cores were mounted in such a way that 

when laths were cut from them, a radial section would be visible for analysis. A twin blade table 

saw with spacers was used to cut 2.0 mm radial sections from the cores, producing the laths.  A 
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radial section was used in the analysis so as not to measure the cell lumen (Grabner et al. 2005). 

In doing so, a more accurate representation of wood density (% cell wall per unit volume) was 

measured (Grabner et al. 2005).  

Each core was scanned using the UNBC ITRAX densitometer, and then analyzed using 

the Windendro® ITRAX software. Following a 16-step light calibration process, a pith to bark 

track was made through each core to assign ring and earlywood/latewood boundaries, creating a 

densitometric profile of each core. Using batch analysis samples were cross dated as they were 

measured. Windendro recorded a variety of measurements, including but not limited to 

maximum density (MXD), mean density (MD), and annual ring width (RW). When each track 

was completed, the file was converted to a decadal format by exporting to TUSCON (Grissino-

Mayer 2001). 

Species specific chronologies were compiled from MXD, MD, and RW measurements of 

western larch (L) and lodgepole pine (P). The crossdating of these chronologies was then 

verified using COFECHA (Grissino-Mayer 2001). Due to the relatively short length of the 

chronologies, the running window was set to 15 years, lagged 7 years. Measurements from trees 

that did not crossdate well with the chronologies were excluded from the analysis.  

ARSTAN was used to standardize each ring width series with a negative exponential 

curve and the density curves with a reverse negative exponential curve (Cook 1985). As trees 

grow, their innermost rings are typically the largest relative rings throughout their growth period 

(Speer 2010). When trees are younger, they have smaller diameters, and when they put an 

equivalent amount of volume on to their stems, the ring will be wide. As the trees age, their rings 

become progressively narrower, and without standardization, the measurements of annual radial 

ring width may resemble a negative exponential curve (Speer 2010). Because this study was 
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focused on climate effects on growth, the effects of stand dynamics and age are considered noise 

so were removed using ARSTAN (Cook 1985).  

Statistical analysis 

Meteorological data were collected from the Adjusted and Homogenized Canadian 

Climate Data website (http://www.ccma.ec.gc.cs/hccd/) for the Fort St. James (FSJ) weather 

station (#1092970, lat: 54.45, long: -124.25, 691 m). FSJ was the closest weather station by 

distance (~60 km), however, it differed in elevation by ~350 m. The relative location of the study 

site to the weather station is shown in Figure 1. Because both temperature and precipitation play 

a role in the productivity of western larch both within and outside of its natural range, monthly 

averages of minimum temperature (1987-2009), maximum temperature (1987-2018), mean 

temperature (1987-2009), and total precipitation (1987-2017) were collected and combined into a 

single dataset. These were compared to the standardized tree ring variables. Monthly climate 

measurements from September-December were shifted forward one year to account for their 

increased impacts on the following year’s growth (Speer 2010). For a complete list of climate 

variables used, see Appendix 2.  

Using SPSS statistical software, all variables (tree ring and climate) were tested for 

normality using a Shapiro-Wilk test and visual interpretation of the histograms. Because not all 

climate variables had a normal distribution (Appendix 3), a Spearman’s correlation test was 

performed to compare the monthly climate data to the chronologies. All correlations significant 

at α=0.05 were reported in Table 3 and 4. The climate variable totprecipJun was determined to 

be significantly correlated with the MXDL chronology and was therefore transformed to a 

normal distribution using a Log10 function. In addition to this, to determine if there were any 
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significant correlations among the measured chronologies, a Pearson’s correlation test was 

performed. The results of that parametric test can be seen in Table 6.  

For the climate variables that were significantly correlated to the chronologies, partial 

correlation analysis was performed to determine which of the monthly variables had a significant 

degree of relatedness between each other. This was done to ensure that no spurious relationships 

were present in further analysis. When only one variable was still significant after partial 

correlation, the strongest chronology/climate correlation was chosen for further linear regression 

analysis. Simple and multivariate linear regression was then conducted to model the 

chronologies from the climate variable(s). In doing this, the amount of variation in the 

chronology (dependent variable) that was explained by the climate variable (independent 

variable) was able to be determined within the years of data that were used as inputs to the 

model. Statistics from the linear regression were reported in Table 5. Original and predicted 

chronologies were plotted against each other to visually show the amount of variation explained 

by the predictions in Figure 3.  

A Mann-Whitney U test determined if the standardized distributions of MXD, MD, and 

RW were significantly different from each other when factored by species. A second Mann-

Whitney U test was completed using raw density and width measurements also factored by 

species. Raw tree ring measurements were plotted together to better visually determine the 

differences between species (Figure 6).  

Results 

For this study, there were 37 cores submitted for analysis from the Corkscrew site 

(larch=22, pine=15), however, through processing errors that damaged a few of the laths, these 

numbers were reduced (larch=20, pine=12) as seen in Appendix 1. Of these cores, master 
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chronologies were built (Table 1 and 2). All chronologies dated back to at least 1993 (27 years) 

with the longest chronology dating back to 1987 (MXDL=32 years). For all six of the 

chronologies, the series intercorrelation exceeded 0.4, suggesting that they were reliably cross-

dated (Grissino-Mayer 2001; Speer 2010) and average mean sensitivity was also within a 

reasonably acceptable range (Speer 2010) (Table 2).  

After standardization of these chronologies, it was determined from the expressed 

population signal (EPS) that three of the chronologies were statistically acceptable to use in 

analysis 0.800 was chosen as the cut-off of acceptability, and as seen in Table 2. MXDL, MXDP, 

and RWP meet this requirement. MDP is very close to that value, but because it is below 0.800, 

there is more influence on the chronology from individual tree signals than from the stand as a 

whole (Speer 2010). Because MDL and RWL chronologies did not date back at least 30 years 

(twice the length of the window length) an EPS could not be calculated. Though these 

chronologies were not ideal, they were still considered in the analysis. EPS is an indication of 

how well the populations represent the master chronology, so even if the EPS value was below 

the threshold 0.8 value, the chronology can still be used. It just may produce larger confidence 

intervals in later analysis (Speer 2010).  

The Shapiro-Wilk test for normality determined that all climate variables, except the 

seven as seen in Appendix 3, were normally distributed. All measurements of ring width and 

wood density were also determined to be normally distributed. Because of the non-normal 

variables, the Spearman’s test was used, and significant correlations are reported in Table 3 and 

4. After transformation with Log10, totprecipJun had a normal distribution.  
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Table 6 shows the results of a correlation analysis between the measured chronologies of 

both larch and pine. Maximum and mean densities were significantly correlated within each 

species, and ring width was significantly correlated between larch and pine (Table 6).  

The partial correlation analysis reduced the number of climate-chronology correlations 

overall. In Tables 3 and 4 the asterisk in the climate variable column indicates that the 

correlation was not spurious, and the variable was used in the final linear regression. All others 

were removed via partial correlation. This reduced the number of influential climate variables 

down to one for all chronologies except MDP, which was influenced by two monthly climate 

variables.  

Table 5 shows the results of the linear regression analysis. The R2 values represent the 

amount of variance in the measured variable that can be predicted by the climate variable(s) used 

in the model. Adjusted R2 is reported as well as it is a more conservative measurement of the 

predictive power, especially when there is more than one variable used to make a prediction 

(MDP). Because the MDP prediction was made using two climate variables, the Durbin-Watson 

statistic was calculated (DW=1.492). The Durbin-Watson statistic was a bit lower than ideal 

(best case scenario: DW=2.0). It is a measure of the autocorrelation between two variables, and 

although maxtempApr and totprecipSep were correlated with MDP, the DW statistic shows 

slight positive autocorrelation (Field 2009).  

Table 7 contains the results of the correlation analysis between the measured 

chronologies and the climate predicted chronologies. Here, the Pearson’s r represents the 

proportion of variation common between the observed and predicted ring measurement trends. 

The observed and predicted ring width trends were plotted together in Figure 2, which shows that 

for some years of measurement there is strong correlation between the observed and predicted 



14 

 

values, but in other years, when there is divergence in the graphs, there are likely different 

factors at play.  

The Mann-Whitney U test determined that there was no significant difference between 

the means of the larch chronologies when compared to the pine chronologies of MXD (p=0.805), 

MD (p=0.298), and RW (p=0.888). Though there may not be statistically significant differences 

between the chronologies, Figure 3 shows that there are years when the master chronologies of 

these three measurements differ from one another.  

The Mann-Whitney U test between raw density and ring width measurements resulted in 

highly significant differences between larch and pine for MXD (p=0.000) and MD (p=0.000), 

but RW was not significantly different between species (p=0.221). While larch had an average 

maximum density value of 633 g/cm3 and an average mean density of 434 g/cm3, pine had an 

average maximum density of 715 g/cm3 and an average mean density of 588 g/cm3.  

 

 

Table 1. Unstandardized chronology statistics from COFECHA of the Corkscrew site ring measurements. MXDL: 

maximum density western larch, MDL: mean density western larch, RWL: ring width western larch, MXDP: maximum 

density lodgepole pine, MDP: mean density lodgepole pine, RWP: ring width lodgepole pine.  

Chronologies Number 

of dated 

series 

Master 

series 

length 

Total 

rings in 

all series 

Total dated 

rings 

checked 

Series 

inter-

correlation 

Average 

mean 

sensitivity 

Segments 

with possible 

problems 

Mean 

length of 

series 

MXDL 17 32 425 422 0.451 0.056 32 25.0 

MDL 16 26 384 384 0.640 0.108 19 24.0 

RWL 18 27 434 433 0.640 0.230 14 24.1 

MXDP 7 31 188 185 0.460 0.036 16 26.9 

MDP 10 31 266 266 0.500 0.054 20 26.7 

RWP 10 31 267 266 0.527 0.189 25 26.7 
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Table 3. Spearman’s test’s significant correlations for western larch chronologies to climatic variables. MXDL: 

maximum density western larch, MDL: mean density western larch, RWL: ring width western larch, see Appendix 

2 for description of climate variables. * indicates that the climate variable was used in future linear regression. 

Tree Ring Variable Climate Variable Correlation Coefficient P value 

MXDL totprecipMay -0.494 0.008 

totprecipJun* -0.503 0.007 

MDL maxtempJul 0.433 0.031 

totprecipMay -0.534 0.010 

totprecipNov* 0.547 0.023 

RWL totprecipMar 0.513 0.010 

totprecipJul* 0.552 0.005 

totprecipOct 0.455 0.038 

 

Table 4. Spearman’s test significant correlations for lodgepole pine chronologies to climatic variables. MXDP: 

maximum density lodgepole pine, MDP: mean density lodgepole pine, RWP: ring width lodgepole pine, see 

Appendix 2 for description of climate variables. * indicates that the climate variable was used in future linear 

regression. 

Tree Ring Variable Climate Variable Correlation Coefficient P value 

MXDP totprecipSep* 0.683 0.000 

totprecipDec -0.526 0.012 

MDP mintempMay -0.444 0.026 

maxtempApr* -0.450 0.012 

maxtempMay -0.395 0.031 

meantempMay -0.513 0.009 

meantempSep -0.446 0.042 

totprecipSep* 0.609 0.001 

totprecipDec -0.560 0.007 

RWP mintempJul 0.454 0.034 

mintempAug 0.442 0.035 

maxtempOct -0.398 0.030 

meantempJul* 0.468 0.028 

 

 

 

Table 2. Master chronology descriptive statistics from ARSTAN of the Corkscrew site ring measurements. MXDL: 

maximum density western larch, MDL: mean density western larch, RWL: ring width western larch, MXDP: 

maximum density lodgepole pine, MDP: mean density lodgepole pine, RWP: ring width lodgepole pine. 

 
First 

year 

Last 

year 

Total 

years 

Mean 

index 

Stdrd 

dev 

Skew 

coeff 

Kurtosis 

coeff 

Mean 

sens 

Serial 

coeff 
EPS 

MXDL 1987 2018 32 0.985 0.072 -0.315 2.510 0.040 0.729 0.907 

MDL 1993 2018 26 1.006 0.072 -0.253 3.558 0.083 -0.049 * 

RWL 1992 2018 27 0.974 0.173 -0.976 3.271 0.160 0.373 * 

MXDP 1988 2018 31 0.992 0.034 -1.467 5.788 0.031 0.259 0.830 

MDP 1988 2018 31 0.995 0.047 -1.340 5.115 0.046 0.100 0.761 

RWP 1988 2018 31 0.994 0.155 0.483 3.259 0.160 0.113 0.923 

*Because the total length of the chronology was less than 2X the running window length (30 years), the expressed 

population signal could not be calculated. 
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Table 5. Linear regression statistics showing Pearson’s R (r), R2, Adjusted R2, F 

statistic, and significance (p). MXDL: maximum density western larch, MDL: mean 

density western larch, RWL: ring width western larch, MXDP: maximum density 

lodgepole pine, MDP: mean density lodgepole pine, RWP: ring width lodgepole 

pine, see Appendix 2 for description of climate variables.  

  r R2 Adjusted R2 F p 

MXDL 

(totprecipJun) 
0.506 0.256 0.226 8.594 0.007 

MDL 

(totprecipNov) 
0.584 0.342 0.298 7.783 0.014 

RWL 

(totprecipJul) 
0.581 0.337 0.307 11.193 0.003 

MXDP 

(totprecipSep) 
0.601 0.362 0.335 13.597 0.001 

MDP 

(maxtempApr 

totprecipSep) 

0.636 0.405 0.353 7.812 0.003 

RWP 

(meantempJul) 
0.464 0.215 0.176 5.473 0.030 

 

A.           
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B.  

 
 

 

 

C.   
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D.  

 
 

 

 

 

E.  
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F.  

 
Figure 2. Graphs from linear regression analysis showing and predicted tree ring measurements. A: Maximum 

density larch B: Maximum density pine C: Mean density larch D: Mean density pine E: Ring width larch F: Ring 

width pine.  

 

Table 6. Correlative values between tree ring measurements. Results from Pearson’s test. MXDL: 

maximum density western larch, MDL: mean density western larch, RWL: ring width western larch, 

MXDP: maximum density lodgepole pine, MDP: mean density lodgepole pine, RWP: ring width 

lodgepole pine. ** indicates correlation is significant at the 0.01 level. 

 MXDL MXDP MDL MDP RWL RWP 

MXDL 1.0 
0.133 

P=0.476 

0.562** 

P=0.003 

0.253 

P=0.170 

0.306 

P=0.120 

0.245 

P=0.183 

MXDP - 1.0 
-0.113 

P=0.582 

0.848** 

P=0.000 

0.122 

P=0.545 

0.260 

P=0.158 

MDL - - 1.0 
0.301 

P=0.136 

-0.036 

P=0.860 

-0.284 

P=0.159 

MDP - - - 1.0 
-0.019 

P=0.924 

0.042 

P=0.823 

RWL - - - - 1.0 
0.507** 

P=0.007 

RWP - - - - - 
1.0 
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Table 7. correlation coefficients for actual measurements and predicted measurements from climate variables. 

MXDL: maximum density western larch, MDL: mean density western larch, RWL: ring width western larch, 

MXDP: maximum density lodgepole pine, MDP: mean density lodgepole pine, RWP: ring width lodgepole pine.  

* indicates significance at the 0.05 level ** indicates significance at 0.01. 

 Predicted 

MXDL 

Predicted 

MXDP 

Predicted 

MDL 

Predicted 

MDP 

Predicted 

RWL 

Predicted 

RWP 

MXDL r=0.506** 

P=0.007 

r=-0.171 

P=0.393 

r=0.162 

P=0.459 

r=-0.024 

P=0.904 

r=-0.260 

P=0.173 

r=0.202 

P=0.356 

MXDP r=-0.112 

P=0.585 

r=0.601** 

P=0.001 

r=-0.105 

P=0.642 

r=0.605** 

P=0.001 

r=0.155 

P=0.430 

r=0.194 

P=0.387 

MDL r=0.191 

P=0.406 

r=0.056 

P=0.811 

r=0.584* 

P=0.014 

r=0.319 

P=0.159 

r=-0.358 

P=0.093 

r=0.215 

P=0.408 

MDP r=-0.084 

P=0.682 

r=0.542** 

P=0.004 

r=0.080 

P=0.742 

r=0.636** 

P=0.000 

r=0.013 

P=0.946 

r=0.248 

P=0.201 

RWL r=-0.109 

P=0.628 

r=-0.146 

P=0.516 

r=0.126 

P=0.618 

r=-0.188 

P=0.402 

r=0.581** 

P=0.003 

r=0.111 

P=0.662 

RWP r=-0.022 

P=0.914 

r=-0.058 

P=0.778 

r=-0.378 

P=0.088 

r=-0.273 

P=0.177 

r=0.134 

P=0.496 

r=0.464* 

P=0.030 
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B.  

 

 
C.  

 
Figure 3. Standardized tree ring measurements. A: Maximum density larch compared to maximum density pine. B: 

Mean density larch compared to mean density pine. C: Ring width larch compared to ring width pine.  
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  A. 

B.  

  

Figure 4. Raw measurements of A: maximum densities of western larch (blue) and lodgepole pine (red) and B: 

mean density of western larch (blue) and lodgepole pine (red) through time. 

 

Discussion 

There are significant benefits to using densitometry analysis of wood in 

dendrochronological studies (Fritts 1972). While ring width provides an often very good proxy 
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for climate (Stokes and Smiley 1968), density analysis can provide an even better picture of how 

a tree responds to an event (Grabner et al. 2005). Different species, and even different trees of 

the same species rarely, if ever, have the exact same response to climate (Fritts 1972). This said, 

there are similar trends in how wood density varies within a ring. There is an annual pattern of 

usually less dense earlywood to more dense latewood, but there are also similarities in how 

different species respond to the same climatic event (Fritts 1972). Density in tree rings differs in 

ways that are measurable and sometimes predictable (Wood et al. 2016).  

Radial growth is added to the tree throughout the growing season and is influenced by 

climatic events throughout the year (Watson and Luckman 2002). Mean density is also 

influenced by climate during the entire year, but because it represents an average measure, a 

mid-growing-season climate measure would, in theory, have be a strong indication on MD. 

Maximum density is a measure of the densest wood within the latewood of a ring. When trees 

begin to go dormant, usually in July to August for most species (Parish 1996), they cease to grow 

radially, and instead begin to sequester cell wall materials into their cells (Fritts 1972). This 

increases the density and strength of the newly formed cells of that annual ring (Wood and Smith 

2015). Because of this process, maximum density values within the latewood may better capture 

climatic influences that occur late in the growing season (Dakenviculte et al. 2015; D’Arrigo et 

al. 1992).  

It is important to note that trees do not grow on what we would think of as a typical 

calendar year. Most trees in the northern hemisphere reach bud burst in May, grow for a few 

months, then go dormant for the fall and winter months when it is too cold and there is not 

enough sunlight in the day to grow (Parish 1996). For this reason, the climate data for the months 

of September to December were advanced forward one year for the analysis. This ensured that 
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the temperature and precipitation of the winter were being counted towards the following 

growing season. Larch has one of the longest growing seasons in BC (Scher 2002), with bud 

burst in March and a stop to growth in September. Because the September-December climate 

was pushed forward, it is possible that trends in larch as a result of September climate on that 

same year’s growth were not identified.  

Larch and Climate 

 The western larch samples used in this study showed a strong response to climate 

variables collected from the FSJ weather station. The seedlot of this plantation was not known, 

but stock planted on the Corkscrew site likely originated from seed collected within the natural 

range of western larch in BC (MFLNRORD).  

 The Spearman’s correlation analysis of larch suggests larch mean and maximum density 

are primarily driven by mid-growing season climatic events, while ring width was influenced by 

monthly averages of climatic variables from a broad range of months. Maximum density, 

interestingly, is not significantly affected by late season influences, but rather shows a relatively 

strong negative correlation with early season precipitation. This suggests that when there is more 

water available in the early growing season, there may be an overall less dense ring with a less 

dense maximum density (Davi et al. 2002). Water availability can be indicated in wood density 

(Bucci et al 2009). With more water, transport cells are larger, and wood is less dense. With less 

water, transport cells are constricted, and the wood is more dense (Bucci et al 2009).  

Mean density is affected in a similar way but takes the average measurement of the year’s 

growth. The Spearman’s correlation showed a positive correlation with July maximum 

temperature and November precipitation, but a negative correlation with May precipitation. 

Understandably, the negative correlation with May precipitation reflects the similar trend with 
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maximum density. When July maximum temperature increases, the mean density of the ring is 

also likely to increase. Though there wasn’t a significant correlation with July precipitation, 

warmer temperatures usually coincide with times when there is less precipitation, and this may 

cause stress on the tree. With less precipitation, water transport cells within the wood lose their 

efficiency, constrict, and increase density throughout the ring (Bucci et al. 2009). Precipitation in 

November had the strongest correlation with MDL of the three variables that were significant, 

suggesting that with increased precipitation during the early winter, while the tree is dormant, 

there may be an increase in the average density of the following ring. The positive correlation 

with November precipitation may be reflective of larch's growth pattern within its historical 

range (Crotteau et al. 2019). A limitation of this study is that the effect of snow versus rain was 

not analyzed. There is anecdotal evidence that snow and rain may have different effects on 

plantations when they fall in the early winter. Snow may act as an insulator, promoting more root 

activity, which could result in a lower maximum density. Rain that falls and freezes immediately 

may inhibit root growth and cause an increase in maximum density.  

Crotteau et al. (2019) suggested that warmer temperatures and increased precipitation have 

the potential to negatively impact larch growth when these events don’t occur at the same time. 

This effect may be seen in the negative correlations between larch density measures and early 

spring precipitation.  

Larch ring width appears to be primarily driven by precipitation throughout the growing 

season and into the early fall. Precipitation in the months of March, July, and October all showed 

significant positive correlations with ring width. This suggests that with an increase in 

precipitation in those months, there may be an increase in the total ring width. Though the degree 

of correlation would indicate a linear relationship, it is important to note that there is likely both 



26 

 

an upper and lower limit to the amount of precipitation that the tree requires without showing 

detrimental effects. This is referred to as the principle of limiting factors (Speer 2010). When a 

limit is exceeded or not met, trees may begin to show either a negative growth response. For 

example, when trees are flooded, or exposed to droughty conditions for an extended period of 

time, there may a reduction in radial growth that year (Schweingruber 1996).  

 The larch linear regression determined to what degree the variation in the measured 

values could be explained by a correlated monthly climate variable. Unexpectedly, using one 

climate variable to predict ring densities and width in western larch did explain a large portion of 

the variation (Table 5).  There are many different factors that influence tree growth, and 

especially considering only climate influences, we cannot hope to capture all of the variation in a 

measurement with only one variable. However, being able to explain over a quarter of the 

variation in density or ring width with the climate of a single month is powerful and indicates a 

strong influence of that month. 

Pine and Climate 

 Although this study had far fewer pine samples than larch samples, a reliable chronology 

was still produced to compare to climate variables. The origin of the pine stock from this block is 

unknown, and because lodgepole pine grows throughout all of BC, determining its source would 

likely be much more difficult than with the larch origin. The block was planted in 1981 with both 

pine and larch, however, there was also ingress of natural pine into the site as well 

(MFLNRORD 2018). Because of this, the pine cores selected for this study may have come from 

artificially and/or naturally regenerated trees.  

 Contrasting to what was seen in larch, pine maximum density was predominantly 

influenced by the previous year’s September (positive) and December (negative) precipitation. 
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This might imply that precipitation in December (likely snow) could be either insulating the trees 

to protect their root systems from cold temperatures, or the snow may be acting as held water to 

be used for uptake later in the growing season (Sorenson et al. 2016).  

 Mean density in pine correlated with a much larger number of climate variables 

compared to the other measured variables of both larch and pine. Here a trend can be seen that 

when April and May temperatures are warmer, there is likely to be a decrease in average density 

that year. With an earlier start to the growing season, and wider earlywood, there may be a less 

dense ring overall. When the average September temperature increases, density is likely to 

decrease in the ring of the following growing season. When September precipitation increases, 

the average density is likely to increase the following year. This might suggest that a warm dry 

fall could produce a less dense tree ring the following year. This may be due to the principle of 

aggregate tree growth, where the current year’s growth is affected by the previous year’s growth 

and climate (Speer 2010). 

 Ring width in pine was not influenced significantly by precipitation. Instead, it was 

influenced by temperatures in the late summer and early fall. With warmer temperatures in July 

and August, there is likely to be an increase in ring width. This may allow for additional time to 

grow during the summer. Species of pine normally begin to shut down its radial growth in the 

July (Parish 1996), but warmer summer temperatures may extend the growing season until cooler 

weather is present. Trees will not always exhibit more growth with warmer temperatures. Heat 

stress can occur causing a reduction in growth that year (Davi et al. 2002), and cooler late 

summer temperatures may also result in narrower rings. In addition to this, the correlation 

analysis result indicated that with warmer Octobers, there is likely to be a decrease in ring width 

the following year. This might indicate that in a warm fall, trees may not be dormant, and may be 
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at higher risk due to frost or other early winter damages, resulting in a narrower ring during the 

next growing season.  

The linear regression for pine mean density with more than one climate variable 

(maxtempApr and totprecipSep), unsurprisingly, had the highest R2 value of all of the 

chronologies (dependent). When more climate variables (independent) are used to predict a 

chronology, there may be more variation explained. The DW statistic was lower than what was 

ideal, but only indicated that when there was error in one of the climate variables, error also 

likely came from the other climate variable too. This indicates that although April maximum 

temperature and September total precipitation were not related in the partial correlation analysis, 

there may be an ecological link between them that causes them to vary in similar ways.  

Comparison of Pine to Larch 

In this study, larch and pine did show different trends from one another in some ways, but 

in others, they showed similarities. Ring widths of the two species fluctuated together at a 

relatively similar rate despite being influenced by different climate variables. After linear 

regression analysis, the correlations of predicted RWL and RWP with RWL and RWP were not 

significant (Table 7). This may indicate that whatever is causing the ring widths to fluctuate 

together may be a non-climatic site-specific characteristic such as competition (Speer 2010). 

An interesting qualitative finding of this study was that while ring width in pine is 

predominantly driven by temperature (Table 4), ring width in larch appears to be driven mainly 

by precipitation (Table 3). This may in part be due to adaptation, or lack thereof, to the site. Pine 

is native to the region, so may be more sensitive to more components of the local climate. Larch 

is accustomed to dry summers and is also a relatively drought tolerant tree (Crotteau et al. 2019), 

possibly making the tree more sensitive to changes in summer water availability.  
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 Within its natural range, western larch is noted to have one of the highest wood densities 

of all commercial conifers in BC (Ratcliffe et al. 2014), In natural stands, western larch can have 

average wood densities in the 500-600 g/cm3 range (Peng and Stuart 2013). These values 

represent a near reversal of what was found to be occurring at the Corkscrew site (larch= 

434g/cm3, pine= 588g/cm3). Though all of the literature on the subject points to larch having a 

higher density, western larch showed a significantly lower density. It is possible that this result is 

due in part to being planted at predetermined densities that allow for rapid growth, but (Rehfeldt 

and Jaquish 2010) found that plantation larch can grow in a plantation and still retain high wood 

densities. It also may be due to the larch being planted so far out of its historic range. Artificially 

removing trees from their natural range and planting them in a strange environment may alter the 

way that they grow. Another possible reason why the western larch mean density was so low 

may have been due to a juvenile response. The wood from young trees has been shown to have 

lower densities (Rehfeldt and Jaquish 2010) and in Figure 4 an increasing trend can be seen with 

the larch densities. To determine if this is a case, a similar, but older, plantation should be 

sampled and analyzed using the same methodology as in this study.  

The pine at the Corkscrew site may have been planted and may have been natural 

regeneration. The map supplied in the RESULTS opening did not show the planting units, so 

there is no way of knowing the source of the pine. Plantation pine densities might possibly 

resemble the larch more closely because naturally grown pine would likely grow at much higher 

densities, resulting in higher wood densities. But naturally regenerated pine would likely have 

higher densities than planted pine. When raw measurements were compared for MXD and MD 

there was a highly significant difference between species (Figure 4).  

Limitations of Research 
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Though this study provided answers to the primary objectives, there are still likely a 

dozen or more other factors that could be influencing the radial growth and wood density that we 

are not aware of or haven’t measured (Schweingruber 1996). Biological systems are complex 

and incredibly difficult to model because there are so many influential considerations 

(Schweingruber 1996). This analysis looked at the influence of temperature and precipitation 

alone on the annual ring properties of plantation larch and pine and found a few variables that 

were significantly influential. To understand all of the potential influences on western larch 

though, more analysis is needed.  

Correlations with climate may not have been perfect due to the climate station that was 

selected. Though Fort St. James is the nearest station to the Corkscrew site, there was an 

elevational difference of ~350 m and a distance of ~60 km. Nearby weather stations can have 

similar trends to study sites, however, they are not always exact. In addition, elevational 

differences can affect temperatures as well as the way that precipitation falls (Schweingruber 

1996). This study may have also been improved by including analysis of a snow compared to a 

rain response. Total precipitation was used so that there would be data to use for the whole year, 

but in retrospect, separating snow and rain may have provided more concrete findings.  

Management Implications 

Though western larch has been noted for its excellent structural properties and fast-

growing nature (Mamet et al. 2019), managers may want to wait for further research before 

deciding to plant and utilize larch more in their mills. While within its historic range larch shows 

a strong, dense wood, it would appear from this study that when planted much further north than 

normal, densities may be greatly reduced.  
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It is important to consider the impacts of a new ecosystem on a tree, but it is equally 

important that managers consider the impact on an ecosystem of planting a relatively foreign 

species. While western larch has its own ecological benefits, when planted north of its range, it 

inevitably replaces a more locally native tree. This can have implications on animal habitat and 

forage as well as other ecosystem processes (Bisbing et al 2010). In addition, introducing a new 

species could expose it to new pests and diseases and make it more susceptible to damage from 

an agent it has never been exposed to (Ward 2019).  

Conclusion 

 For future planting of western larch, managers need to consider their objectives. Do they 

want to stimulate the economy with different wood products than what has been used in the past? 

Do they want to help in the conservation of species? Do they want to sustain the forest industry 

through a changing climate?  

Western larch has been planted throughout the province for close to half of a century 

now. It is evident that it will grow outside of its historic range and may retain some of its 

characteristics. This said however, it also has the potential to grow in unexpected ways. Analysis 

in addition to ring width and density may provide even better results for understanding western 

larch. 
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Appendix 1 – Complete list of core samples and their attributes 

 

SITE PLOT SPECIES TREE # of SEU Runs RUN # Notes on core condition 

CS 1 L 1 2 3 
F1 lead damaged, burnt, 

missing bark 

CS 1 L 2 2 3 
Core not 2 mm thick, 

glue on back side, 
missing bark 

CS 1 L 3 2 1 Good condition 

CS 2 P 1 1 3 Burnt, missing bark 

CS 2 L 2 2 1 
Bark and '19 growth 

missing 

CS 2 L 4 1 3 Missing bark 

CS 3 L 1 2 1 Good condition 

CS 3 L 2 1 3 
Core broken, flipped 

wrong direction 

CS 4 L 1 2 3 Burnt 

CS 4 L 2 1 3 Missing bark 

CS 4 L 4 2 3 Good condition 

CS 5 L 1 2 3 Burnt, missing bark 

CS 5 L 4 2 1 Core burnt by table saw 

CS 5 L 5 1 2 Burnt, missing bark 

CS 6 L 1 1 2 missing bark 

CS 6 L 2 2 1 Good condition 

CS 6 L 3 1 2 In two pieces 

CS 7 L 1 1 2 Missing bark 

CS 7 L 2 1 2 
Core broken, missing 

bark 

CS 7 L 3 2 2 Good condition 

CS 7 L 4 1 Na Destroyed by table saw 

CS 7 L 5 1 2 Burnt, missing bark 

CS 7 L 6 1 2 Missing bark 

CS 8 P 1 1 2 Core broken 

CS 8 P 2 2 4 Burnt 

CS 8 P 3 1 Na Destroyed by table saw 

CS 8 P 4 2 4 Burnt, missing bark 

CS 9 P 1 1 4 Good condition 

CS 9 P 2 1 1 
Core broken, Sus. 

Atropelis 

CS 9 P 3 1 4 Good condition 

CS 9 P 4 1 4 Good condition 

CS 9 P 5 2 4 Missing bark 
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CS 9 P 6 1 4 
Missing bark, glue at top 

of core 

CS 10 P 1 1 4 Good condition 

CS 10 P 2 1 1 Good condition 

CS 10 P 4 1 4 Good condition 

CS 10 P 6 1 1 Glue at top of core 
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Appendix 2 – List of chronology and climate abbreviations with their meanings. 

 
Abbreviation Meaning 

YEAR Year of data 

MXDL  Maximum density larch 

MXDP  Maximum density pine 

MDL  Mean density larch 

MDP  Mean density pine 

RWL  Ring width larch 

RWP  Ring width pine 

MinTempJan Minimum temperature January 

MinTempFeb  Minimum temperature February 

MinTempMar  Minimum temperature March 

MinTempApr  Minimum temperature April 

MinTempMay  Minimum temperature May 

MinTempJun Minimum temperature June 

MinTempJul  Minimum temperature July 

MinTempAug  Minimum temperature August 

MinTempSep  Minimum temperature September 

MinTempOct  Minimum temperature October 

MinTempNov  Minimum temperature November 

MinTempDec  Minimum temperature December 

MaxTempJan  Maximum temperature January 

MaxTempFeb  Maximum temperature February 

MaxTempMar  Maximum temperature March 

MaxTempApr  Maximum temperature April 

MaxTempMay  Maximum temperature May 

MaxTempJun  Maximum temperature June 

MaxTempJul Maximum temperature July 

MaxTempAug  Maximum temperature August 

MaxTempSep  Maximum temperature September 

MaxTempOct  Maximum temperature October 

MaxTempNov  Maximum temperature November 

MaxTempDec  Maximum temperature December 

MeanTempJan  Mean temperature January 

MeanTempFeb  Mean temperature February 

MeanTempMar  Mean temperature March 

MeanTempApr  Mean temperature April 

MeanTempMay  Mean temperature May 

MeanTempJun  Mean temperature June 

MeanTempJul  Mean temperature July 

MeanTempAug  Mean temperature August 

MeanTempSep  Mean temperature September 

MeanTempOct  Mean temperature October 

MeanTempNov  Mean temperature November 

MeanTempDec  Mean temperature December 

TotPrecipJan Total precipitation (rain + snow) January 

TotPrecipFeb  Total precipitation (rain + snow) February 

TotPrecipMar  Total precipitation (rain + snow) March 

TotPrecipApr  Total precipitation (rain + snow) April 

TotPrecipMay  Total precipitation (rain + snow) May 

TotPrecipJun Total precipitation (rain + snow) June 

TotPrecipJul  Total precipitation (rain + snow) July 
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TotPrecipAug  Total precipitation (rain + snow) August 

TotPrecipSep  Total precipitation (rain + snow) September 

TotPrecipOct  Total precipitation (rain + snow) October 

TotPrecipNov  Total precipitation (rain + snow) November 

TotPrecipDec  Total precipitation (rain + snow) December 
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Appendix 3 – Shapiro-Wilk’s normality test results 

 
Table 3. Non-normal variables according to Shapiro-Wilk’s test of normality.  

Non-parametric variables P values 

mintempNov 0.007 

maxtempNov 0.011 

meantempSep 0.011 

meantempNov 0.022 

totprecipFeb 0.024 

totprecipApr 0.002 

totprecipJun 0.013 
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