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the original funding source for this research) 
 
Abstract: 
This project examines growth responses of juvenile subalpine fir to variation in residual 
canopy cover, site quality and crowding. The study examines the relative strength of 
different factors affecting juvenile tree growth, including light, water, nutrient availability 
and neighbourhood crowding. The study was conducted in the Montane Spruce zone in 
the Southern Interior Forest Region. We sampled subalpine fir seedlings/saplings 
growing across a light gradient over a wide range of tree densities and site qualities. 
Sample trees were destructively sampled to measure growth increment, which was used 
to relate seedling growth to its growing environment. For each tree, we stem mapped the 
location of neighborhood trees in a 3.99m radius plot, measure light availability, foliar 
nutrients, soil water availability, and water use efficiency. Our improved mechanistic 
understanding of juvenile growth will be linked to SORTIE-BC. SORTIE-BC is a 
resource-mediated, spatially explicit, mixed-species forest model that makes population 
dynamic forecasts for juvenile and adult trees. It has a flexible user-interface that allows 
the user to incorporate a wide range of silvicultural strategies (e.g., clearcutting, 
understory protection, understory planting, diameter limit harvesting, shelterwood, single 
or group selection, and variable retention). With the model, we can examine how 
complex stands respond to a wide range of silvicultural strategies, at different spatial 
scales and over different time periods, which is an impossible task for traditional field-
based research. Our research approach can assist foresters and managers in testing, 
developing and choosing silvicultural strategies to achieve sustainable management 
objectives 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Introduction 

Managed forest stands will become increasingly complex in structure and species 
composition in the future because of the positive trends toward sustainable forest 
management.  Foresters and land managers will need to understand the implications and 
trade-offs between timber production and other ecosystem values under new silvicultural 
strategies that will include continuous retention of canopy trees and management of 
multiple tree species with different life history characteristics. To design silvicultural 
strategies that optimise timber production and sustain other values, foresters and 
managers will require an understanding of how juvenile trees (seedlings and saplings) 
grow and survive across the full range of potential canopy retention levels and site 
qualities. Tree species preferences, expected growth rates and survival probabilities will 
likely shift among tree species across gradients of canopy retention, site quality and local 
neighbourhood crowding by other juvenile trees.  This study has been designed to 
examine the growth responses of juvenile subalpine fir to variation in residual canopy 
cover, site quality, and crowding.  The findings from this study will be linked to the 
SORTIE-BC stand dynamics model.  

The SORTIE model was originally developed as a small scale disturbance model 
in the early 1990’s (Pacala et al 1993; Pacala et al 1996).  Recently, the model was re-
parameterized with data from northern interior mixed species stands and this version of 
the model is now referred to as SORTIE-BC (Kobe and Coates 1997; Wright et al. 1998, 
2000; Canham et al. 1999; LePage et al. 2000).  SORTIE-BC is a resource-mediated, 
spatially explicit, mixed-species forest model that makes population dynamic forecasts 
for juvenile and adult trees. It has a flexible user-interface that allows the user to 
incorporate a wide range of silvicultural strategies (e.g., clearcutting, understory 
protection, understory planting, diameter limit harvesting, shelterwood, single or group 
selection, and variable retention). With the model, practitioners will be able to examine 
how complex stands respond to a wide range of silvicultural strategies, at different spatial 
scales and over different time periods, which is an impossible task for traditional field-
based research.   
 Initial attempts at calibrating the SORTIE-BC model for Northern Interior 
mixtures suggest that an improved understanding of the factors affecting juvenile tree 
growth would greatly enhance the model’s ability to make accurate growth predictions. 
Earlier work in northwestern BC has concentrated on the light-growth relationship for 
juvenile trees (Wright et al. 1998, 2000), since light has been shown to be a good proxy 
for predicting juvenile tree growth (Klinka et al. 1992, Pacala et al. 1994, Wang et al. 
1994, Kayahara et al. 1996, Chen 1997, 1998, Coates and Burton 1999, Claveau et al. 
2002), and is the resource most easily manipulated by silvicultural interventions. The 
light-growth relationship, however, has been shown to vary with site quality, especially at 
higher light levels (Drever and Lertzman 2001). Competition for soil resources has also 
been shown to increase in importance relative to light as stands close crowns (Simard and 
Sachs 2004).  This research assess how the light-growth relationship varies across a range 
of site qualities.  In addition, it is well known that density of nearby neighbours can affect 
juvenile tree growth. It is unclear, however, if this effect is equal across resource 
gradients. We used a retrospective (Kobe and Coates 1997, Wright et al. 1998) approach 



to data collection to address these issues and determine the relative importance of site 
quality and crowding in predicting juvenile tree growth 

 
Methods 
Study Area 
 The study area is on Weyerhaeuser’s Tree Farm License (TFL) #35, located in the 
southern interior of British Columbia, near Kamloops.  All samples were collected within 
the Thompson Dry Mild subzone of the Montane Spruce biogeoclimatic zone (MSdm2).  
The MSdm2 is characterized by cold winters and moderately short, warm summers 
(Lloyd et al., 1990).  The mean temperature during the growing season is between 9.1-
11.1 °C and the mean minimum temperature in January is -12.5 °C.  This subzone 
commonly receives between 523-669 mm of precipitation annually of which 40-50% 
falls as snow.  The study area is characterized by mid-elevation plateaus and gently 
rolling slopes.  The elevation of the MSdm2 ranges between 1275-1530 m.  All of the 
subalpine fir trees sampled for this project were located on flat sites with slopes less than 
5%.  

In the MSdm2, forests located on zonal sites commonly consist of mixed stands of 
subalpine fir (Abies lasiocarpa), hybrid white spruce (Picea engelmannii x glauca) and to 
a lesser extent lodgepole pine (Pinus contorta).  The understory is often mossy with a 
shrub layer composed of falsebox (Paxistima myrsinites), black huckleberry (Vaccinium 
membranaceum) and grouseberry (Vaccinium scoparium).  The dry sites in the MSdm2 
are usually found on ridge crests and areas with shallow soils.  Lodgepole pine is the 
predominant tree species with a small component of subalpine fir.  These stands tend to 
be open with a poorly developed understory consisting of common juniper (Juiperus 
communis) and pinegrass (Calamagrostis rubescens).  The wet sites tend to support 
climax stands of hybrid white spruce and subalpine fir.  The understory has a patchy 
shrub layer, composed of black gooseberry (Ribes lacustre), birch-leaved spirea (Spirea 
betulifolia) and black twinberry (Lonicera involucrate), and a well developed herb layer.  
The soils found throughout the study area were commonly Humo-Ferric Podzols or 
Dystric Brunisols. 
 
Sampling Design 
 To examine the growth responses of juvenile subalpine fir to variation in residual 
canopy cover, site quality, and crowding we have destructively sampled 360 saplings 
growing across a resource gradient.  Subalpine fir was chosen as our test species because 
of its ability to grow under a wide range of light environments, initial densities and site 
qualities in the study area.  We sampled from a wide range of sites to balance the sample 
size across different levels of neighborhood crowding, residual canopy over-story, and 
site quality.  Trees were sampled on three site series that represented dry/poor, medium, 
and wet/rich soil moisture/soil nutrient regimes (Table 1.)  On each site series, we 
sampled across a light gradient from fully open to fully closed canopy conditions.  Across 
the light gradient, we selected sample trees subjected to varying levels of neighborhood 
crowding (densities).  Each sample site was uniform in topography and soil texture, and 
were located in mature stands, canopy gaps, regenerating burns or associated mature 
remnants, and partially cut and clearcut areas.   Areas that had been disrupted within the 



last 8 years were avoided to be sure the measured growth rates were a reflection of the 
current light conditions and not a recent release or suppression event.    
 On each site series, sample trees, hereafter referred to as target trees, were 
selectively sampled based on the number of surrounding neighbors and the light 
environment.  The target trees had to be 1-3m in height, at least 25m apart (to avoid 
pseudoreplication of the light environment) and be free of defects (forks, crooks, scars, 
broken leaders, etc.).  Each target tree was measured for total height, basal diameter 
(10cm above the ground), Dbh (130cm above the ground) and leader increment (last 5 
yrs).  To estimate total tree age, radial growth and years to 100cm, stem disks were 
collected at ground level, 10cm and 100cm above the ground.  In the lab a Vellmex™ 
micrometer combined with a Nikon™ dissecting scope were used to measure the last 5 
years (1999-2003) of radial growth along the shortest and longest axis and averaged.  The 
target tree also served as the center of a fixed 3.99m radius plot, where all neighboring 
trees (>50cm tall) were spatially mapped using an Impulse Laser™ with Mapstar™ 
attachment.  Neighborhood trees were also assessed for species, basal diameter (10cm), 
Dbh and total tree height.  A target tree centered variable radius prism plot with a BAF 4 
prism was used to estimate over-story competition. 
 To quantify light availability, hemispherical canopy photos were taken at a height 
equal to 70 percent of the original target tree height.  Hemispherical canopy photographs 
allow characterization of the amount of photo synthetically active radiation at a given 
spot (Canham 1988; Frazer et al. 2000).  Photos were taken directly over the target tree 
stump using a tripod mounted Nikon™ Coolpix 5000 digital camera with a Nikon™ fish-
eye lens. GLI, an index of whole growing season light availability, was then computed 
from each photograph using the GLA 2.0 software (Frazer et al. 2000). This index 
integrates the seasonal and diurnal distribution of solar radiation transmitted through the 
canopy into a single index of available light in units of percent of full sun.    

In order to characterize soil moisture and soil nutrient availability we assessed  
site series and collected foliar samples, moisture information, and natural abundance δ13C 
data.  Target tree foliage was sampled for C and N concentrations, and these measures 
were used as indicators of soil nitrogen availability.  Soil nitrogen availability has 
previously been shown as the nutrient best correlated with soil nutrient regime in BC 
(Klinka et al. 2000). Foliar samples were collected from the top ½ to ¼ of the target tree 
crowns.  Sampling and analysis were carried out using the procedures described in 
Ballard and Carter (1985).   A soil moisture probe was used to estimate soil moisture 
availability at the drip line of each target tree.  We collected natural abundance δ13C data 
as an indicator of the moisture stress experienced by the target trees relative to their 
growing conditions.  Previous studies of agricultural crops and conifer seedlings in 
greenhouse have shown that δ13C can be used as a measure of moisture stress (Farquhar 
et al. 1982, Cregg and Zhang 2000, Guy and Holowachuk 2001). δ13C values are 
influenced by stomatal conductance and are increased when trees experience moisture 
stress and close their stomates. This method provides a more direct, less expensive 
measurement of moisture availability to saplings over entire growing seasons than 
commonly used methods, such as soil moisture content or xylem water potential 
measurements. From the sample disc, wood samples from the past five years of growth 
increment (1998-2004) were powdered and analyzed for δ13C at Stable Isotope 
Laboratory at University of British Columbia. 



  
 
Table 1. Means for target tree growth variables on each site series. 

Site 
Series 

Soil Moisture 
Regime 

Soil Nutrient 
Regime 

Root Collar 
D. (cm) DBH (cm) Ht (cm) 

Leader 
Increme
nt (cm) 

Ring 
Width 
(cm) 

01 Medium Medium 3.22 (1.20) 1.98 (0.95) 
204.45 

(159.09) 
10.37 
(8.77) 

0.08 
(0.08) 

03 Dry Poor 3.36 (0.93) 1.88 (1.27) 
181.19 
(52.37) 

8.62 
(5.9) 

0.05   
(0.03) 

05 Wet Rich 3.57 (1.20) 2.12 (1.21) 
200.90 
(49.38) 

11.45 
(7.46) 

0.08 
(0.06) 

 
Analysis 
 Once we have a complete representative data set we plan on using a combination 
of standard parametric and maximum likelihood methods for the analysis of the juvenile 
tree response data.  We are confident that following the 2006/2007 summer field season 
we will have enough data to conduct the appropriate analysis.  The analysis of juvenile 
growth response data to variations in light will be done using the nonlinear Michaelis-
Menten function.  This equation has been used in previous studies examining growth 
responses of tree seedlings and saplings to light environments (Pacala et al. 1996; Wright 
et al. 1998, Coates and Burton 1999).  With respect to the current study, initial attempts at 
using the Michaelis-Menten equation have proven to be pre-mature due to the limited 
data available. 
 In the interim, we decided to conduct another canonical correspondence analysis 
(CCA) on the improved data to examine the relationship between our environmental data 
and the target tree growth variables.  This analysis was chosen because it has proven 
useful for gaining insight into the data and identifying sampling deficiencies. 

Canonical correspondence analysis is an ordination technique whereby the 
ordination of the main matrix is constrained by a multiple linear regression of the 
variables found in the second matrix.  With respect to this application it means that the 
ordination of the target tree growth variables is constrained by their relationship to the 
environmental variables.  The output provided by CCA includes a set of vectors for each 
environmental variable whereby the length of the vector indicates its importance to the 
ordination.  The angle between the vectors indicates the correlation between the 
environmental variables.  The environmental variables (second matrix) used in this 
analysis include: site series (sseries), elevation (elev), light (light), variable radius basal 
area (vrbasal), fixed radius basal area (frbasal) and fixed radius stems/ha (frstems).  Site 
series and available light, which are functional groups, had to be transformed to reflect a 
gradient, from dry to wet and low light to high light, respectively.  The growth variables 
used in the first matrix include root collar diameter (rcd), diameter at breast height (dbh), 
total height (ht), leader increment (htinc) and ring width (rngwd).   Since there was a 
large range in values among the growth variables the data was modified using the 
“revitalization by maximum” option within the analysis software.  This option reduces 
the “noise” of the data by adjusting each variable by its largest value; thereby, 



dramatically improving the scale of the ordination output.  All ordination analysis was 
implemented using PC-ORD version 4 for windows (McCune and Mefford, 1999). 

 
 

Results and Discussion 
 
Study progress 
At present we completed the following tasks outlined for completion in the original 
2005/06 FSP proposal.   Detailed results from the analysis of this  

• A finalized working plan was completed. 
• The majority of sites required to attain a sample goal of 500 target trees have 

been identified. 
• We have completed all of the necessary field sampling and data collection for 

360 subalpine fir target trees. 
• All wood and foliar samples have been prepared and analysed in the 

laboratory. 
• We have produced a data set containing radial growth and resource 

availability parameters for 360 sample trees.   
• Completed data analysis of relationships among measured parameters. 
•  Reported on results in year-end report to FSP. 
• Presented results to a small group of researchers at UBC.  

 
 
Analytical results 

 
Environmental relationships 

 
Results from the canonical correspondence analysis continue to suggest a high 

degree of correlation between some of the environmental variables used in the second 
matrix (Table 2.).  For example, light availability still appears to be highly correlated 
with stand density.  Light had a slightly higher correlation with variable radius basal area 
(r=-0.744) than fixed radius basal area (r=-0.621).  This is to be expected because 
variable radius plot basal area tends to characterize the amount of over-story competition.  
Plots that have a high variable radius basal area have many dominant canopy forming 
trees which reduce the amount of light reaching the understory.   Alternatively, the fixed 
radius plots commonly consist of smaller seedlings and saplings that have a much smaller 
influence on light availability.  Variable radius plot basal area and fixed radius plot basal 
area were also correlated with one another (r=0.613).  This suggests the two variables 
mimic one another with respect to density.  If a plot has a high fixed radius basal area it 
also has high variable radius basal area as well, and vice versa.  Based on these results it 
would appear that we still need to focus some attention on sampling plots where fixed 
radius basal area and variable radius basal are inversely related to one another.    
 
 
 
 



 
 
 
Table 2. Raw correlations among environmental variables in second matrix 

 Sseries   Elev   Light Vrbasal Frbasal Frstems  
Sseries     1.000 0.050 -0.017  0.042  0.092  0.100 
Elev  0.050 1.000  0.095  -0.019  -0.066  0.164 
Light -0.017 0.095  1.000 -0.744 -0.621  0.056 
Vrbasal  0.042 0.019 -0.744  1.000  0.613 -0.014 
Frbasal  0.092 -0.066 -0.621  0.613  1.000  0.014 
Frstems  0.100 0.164  0.056 -0.014  -0.014 1.000 

Sseries = site series, Elev = elevation, Light = available light, Vrbasal = variable radius basal area,  
Frbasal = fixed radius basal area, Frstems = fixed radius stems/ha 
 

Target tree growth - environment relationships 
 

The CCA conducted on the target tree growth variables and the environmental 
growth variables yielded similar results to last years analysis.  The ordination still 
suggests that this is primarily a one dimensional relationship largely being driven by light 
and density.  In total 58.2% of the variation was explained by the 1st axis (Table. 3).   

 
 

Table 3. AXIS SUMMARY 
STATISTICS   

    
   Axis 

1
   Axis 

2    Axis 3 
Eigenvalue       0.053 0.002 0.000 
Variance in species data          
 % of variance explained    58.2 1.6 0.3 
 Cumulative % explained       52.8 54.4 54.7 
Pearson Correlation, Spp-
Envt* 0.558 0.251 0.124 
Kendall (Rank) Corr., Spp-
Envt 0.595 0.187 0.158 

 
The second and third axis explained only 1.6% and 0.3% of the total variation, 

respectively.  Due to the relatively small amount of variation explained by the second and 
third axis the analysis focused on the first axis.  The one dimensional nature of these 
results can easily be seen in the bi-plot of the ordination (Figure 1).  In Figure 1, the 
variables light and density (vrbasal and frbasal) remain highly correlated with the first 
axis as suggested by the direction and length of the two vectors.  This suggests that light 
availability and density are still having the largest influence on target tree growth.  

 



 
Figure 1. CCA bi-plot of target tree growth variables and environmental variables 

Average leader increment (htinc) and average ring growth (rngwd) are also still 
showing a strong correlation with light and density.   These two growth variables are 
positively correlated with available light and negatively correlated with density.  
According to the bi-plot, as light availability increases htinc and rngwd increase as well.  
In Figure 1, plots clustered around the htinc and rngwd labels all contain target trees with 
excellent leader and ring width growth.  Alternatively, the plots clustered beyond the 
density vectors (vrbasal and frbasal) are growing at low light and high densities and 
therefore have poor target tree leader and ring width growth.   

Relationships between the remaining growth variables and the environmental 
continue to be less clear.  Target tree height (ht) is still only moderately correlated with 
the three density variables: frstems, vrbasal and frbasal.  According to Figure 1, the target 
trees appear to be tallest in the high density plots.  This is an unexpected result since 
forestry textbooks typically state that density has little effect on the height growth of 
dominant and co-dominant trees (Clutter et al. 1983, Smith et al. 1997).  However Scott 
et al. (1998) found that the average height of young Douglas-fir were progressively taller 
as planting density increased.  At this stage, it is unclear if the height growth of young 
subalpine fir is influenced by density or if these trends are the result of insufficient data.  
Target tree root collar diameter (rcd) is also slightly correlated with the density variables.  



In Figure 1, target tree root collar diameter is largest in plots with very few stems per 
hectare.  This trend is common with most tree species and is well documented in the 
literature (Smith et al. 1997, Nyland 1996).  There were no other discernable tends in the 
bi-plot for this ordination.  However, it is important to note of the original six 
environmental variables (sseries, elev, light, frstems, frbasal and vrbasal) only light, 
frstems, frbasal and vrbasal were significant in this ordination.   According to the results 
from the ordination, site series (sseries) and elevation (elev) do not have a significant 
influence on the growth parameters we measured.  Since we limited our sampling to 
MSdm2 subzone, which has a narrow elevational range, it is understandable why 
elevation is insignificant in the ordination.  However, it is surprising that site series did 
not have a significant influence on the subalpine fir growth parameters.  This could be 
due to the influence of available light overpowering the influence of site quality in this 
ordination.  Drever and Lertzman (2001) were unable to find significant differences in 
Douglas-fir growth on different site series below 60% full sun.  Since we currently have 
an unbalanced sample with respect to light availability, this may be a plausible 
explanation.  Ultimately, in order to clearly identify the factors affecting juvenile 
subalpine fir growth a complete data set will be required allowing us to conduct a more 
thorough analysis using the appropriate techniques.      

 
 

Conclusion and Management Implications 
 
 At this time we still have inadequate data to conduct the appropriate analysis.  
Currently we have sampled and collected the necessary data for 360 juvenile subalpine fir 
trees.  Based on our preliminary results we feel our original target of approximately 500 
sample trees are required to adequately sample the resource gradient and conduct a 
meaningful analysis.  Once we have a complete data set we plan to use a combination of 
standard parametric and maximum likelihood methods for the analysis of the response 
data.  In the interim we have once again conducted a multivariate analysis on the data 
currently available.  Results from the preliminary analysis remain unchanged and 
continue to suggest that light and density are having the greatest influence on juvenile 
subalpine fir growth.  At this point soil moisture and soil nutrient availability do not 
appear to be having a significant influence on the growth parameters we have collected.  
However, it may be that the influence of site quality only becomes apparent above a 
certain light threshold.  If this is true, we will be able to identify these thresholds once we 
have completed a thorough sample of target trees growing across the entire light gradient.  
 Although we were unable to conduct the appropriate analysis at this time, the 
results from the preliminary analysis provide a useful insight into the factors affecting 
juvenile tree growth.  If light and density are the driving factors behind juvenile tree 
growth this information can easily be incorporated into the SORTIE-ND stand dynamics 
model.  Using the updated model we will be able make more accurate growth predictions 
for juvenile and adult trees.   This will facilitate the development of sound management 
prescriptions for a wide range of silvicultural strategies including: clearcutting, 
understory planting, diameter limit harvesting, shelterwood, single or group selection, 
and variable retention systems.  
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