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Introduction 

 

 Management of forest ecosystems for sustainable timber production and 

associated ecosystem services requires an understanding of the relative role of different 

resources on the growth and development of juvenile trees.  Availability of light, 

nutrients and moisture plays an important role in the growth and mortality of seedlings 

and saplings.  Of particular interest to researchers has been the role of light in the growth 

of juvenile trees because of its importance in physiological processes, such as 

photosynthesis, and its influence on tree morphology (Canham 1988; Klinka et al. 1992; 

Chen et al. 1996; Williams et al. 1999; Duchesneau et al. 2001; Grassi and Giannini 

2005).  Although only a small fraction of solar energy is captured in photosynthesis, 

growth of juvenile trees is closely related to the amount of radiation absorbed in the 

absence of other limiting factors (Kozlowski 1991).  In individual trees, light interception 

is influenced by the forest light environment, crown architecture, structural characteristics 

of branches, and leaf morphology (Messier 1999).  Therefore, a species’ ability to adapt 

morphologically and physiologically to changes in the forest light environment often 

determines its ability to grow and survive, particularly in low light conditions.  This is 

often referred to as a species’ shade tolerance, where generally more shade tolerant 

species exhibit greater survivorship than less shade-tolerant species in light limiting 

environments (Oliver and Larson 1990; Kobe and Coates 1997).  Knowledge of the 

interspecific variation in shade tolerance of different tree species is often used to explain 

and predict patterns of forest succession.   

 Soil moisture also plays a significant role in the growth and distribution of 

juvenile trees.  Drought and water deficits can cause stomates to close, thereby limiting 

transpiration and photosynthesis, which reduce growth and can eventually cause 

mortality.  Zanher (1968) reported that up to 80% of the variation in diameter growth of 

trees in humid areas (and up to 90% in arid areas) can be attributed to variations in 

moisture availability.  The ability of trees to grow and survive in areas that suffer from 

moisture deficits depends upon their ability to maintain a positive water balance or water 

potential.  Many tree species have developed adaptations to promote water homeostasis 

either by restricting water loss from the plant body or by increasing water absorption to 

replace losses by respiration (Kozlowski 2002).  These interspecific differences in 

drought tolerance play an important role in the distribution of species along a moisture 

continuum.    

 Mineral nutrients play many roles in plants, functioning as constituents of plant 

tissues, regulators of osmotic potential, constituents of buffer systems, activators of 

enzymes, and regulators of membrane permeability (Kozlowski 1991).  Of the mineral 

nutrients, nitrogen (N) is the nutrient that plants require in greatest quantity and that most 

frequently limits growth in natural systems (Chapin 1987).  Nitrogen is of particular 

importance to photosynthesis.  Many studies have identified the strong link between leaf 

N concentration and maximum photosynthetic capacity (Reich 1995; Field and Mooney 

1986).  When N is in limited supply, trees often have difficulty synthesizing important 

enzymes such as Rubisco, resulting in reduced photosynthesis and tree growth.   

 There has been a great deal of research investigating the responses and 

adaptations of seedlings and saplings to a single resource (e.g., light), but it is likely that 

multiple resources interact simultaneously to limit or promote juvenile tree growth.  For 



example, there is evidence that, for many tree species, addition of water and nutrients 

increase growth, but only above certain light thresholds (Canham et al. 1996; Drever and 

Lertzman 2001).  The relative importance of different resources for juvenile tree growth 

shifts across resource gradients, and it is therefore necessary to identify resource 

availability, interactions and thresholds to predict growth patterns.  Identification of such 

interactions and thresholds may be further complicated by the fact that trees can adjust 

resource acquisition to capture the most limiting resource.  When conducting multiple 

resource studies, the distribution of carbon (i.e., to shoots and roots) shifts across 

resource gradients, and therefore measures of total plant biomass may be better 

determinants of tree growth than individual stem or root measurements (Canham et al. 

1996).   

 Competition is a negative interaction between two or more organisms that reduces 

the availability of resources to each other or other individuals (Chapin 2002).  It can have 

a profound influence on the availability of light, moisture, and nutrients and subsequently 

juvenile tree growth.  As a result of competitive interactions with other trees, seedlings 

and saplings often undergo morphological and physiological changes to compensate for 

the reduction in one or more resources (Takahashi 1996; Peterson 1997).  The magnitude 

of these changes largely depends upon the number and size of immediate competitors and 

whether their resource requirements are proportional to their size (Weiner 1990).  

Although it is well known that density of neighbors has an influence on tree growth 

(Harper 1977; Lavigne 1988; Goldberg 1990), it is not well understood if the effect is 

equal either across single or multiple resource gradients.   

 Understanding growth and mortality is critical for predicting juvenile tree 

regeneration (Harcombe 1987) and therefore is key to the successful application of any 

silvicultural system (Smith 1986; Nyland 2002).  Our social requirement to manage 

ecosystems sustainably is resulting in increased use of more complex silvicultural 

systems than simply clearcutting.  All-aged systems, such as variable retention, tend to 

promote multi-species stands that are both structurally and spatially heterogonous (Oliver 

and Larson 1990).  There are many benefits to variable retention systems, including 

provision of an immediate growing stock, shading and sheltering of seedlings, cover for 

wildlife, and reduced risk of soil erosion (Kneeshaw et al. 2002). To successfully apply 

variable retention systems requires an understanding of how juvenile trees grow and 

survive across a range of canopy retention levels and site qualities.  Furthermore, 

interspecific differences in shade tolerance and other auto-ecological constraints result in 

interspecific variation in response to partial overstory removal.   

 

Methods 

 

 Study Area 

 

 This study was conducted 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 sample trees will be 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, hybrid white spruce and, to a lesser extent, lodgepole pine.  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 involucrata), and a well 

developed herb layer.  The soils found throughout the study area are commonly Humo-

Ferric Podzols or Dystric Brunisols. 

  
 Field Sampling Design 

 

 To examine the growth responses of juvenile subalpine fir to variation in light 

availability, site quality, and crowding (tree densities), we destructively sampled 345 

saplings growing across a resource gradient.  Subalpine fir was chosen as the 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 randomly 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 represent 

dry/poor, medium, and wet/rich soil moisture/soil nutrient regimes.  Site series is a 

qualitative index of soil moisture and nutrient availability.  Each site series is readily 

identified, under climax conditions, by the presence of absence of key indicator species 

(Lloyd et al., 1990).  On each site series, seedlings were randomly sampled across a light 

gradient from fully open to fully closed canopy conditions.  Across the light gradient, 

selected sample trees were subjected to varying levels of neighborhood crowding 

(densities).  Each sample site was uniform in topography and soil texture, and was 

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 are 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 were 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 assessed 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, respectively.  In the lab, a Vellmex™ micrometer 



combined with a Nikon™ dissecting scope was used to measure the last 5 years (1999-

2003) of radial growth along the shortest and longest axis; these values were then 

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.  Total fixed plot density (stems/ha) was 

calculated from the stem maps.  To account for large overstory trees outside of the 3.99m 

fixed radius plot a target tree-centered variable radius prism plot was conducted.  The 

optimal basal area factor (BAF) will result in 4 to 8 trees per plot.   

 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 photosynthetically 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, I assessed site 

series, foliar nutrient concentration, soil volumetric water content, and natural abundance 

δ
13

C 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 Hydrosense
™

 soil moisture probe was used to estimate soil 

moisture availability at the drip line of each target tree.   

We also collected wood samples for determining natural abundance δ
13

C data; 

this was used 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 δ
13

C can be used as a measure of moisture stress 

(Farquhar et al. 1982, Cregg and Zhang 2000, Guy and Holowachuk 2001). δ
13

C 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, and 

more integrated measure of soil moisture availability to saplings over entire growing 

seasons than commonly used methods, such as soil moisture content or xylem water 

potential measurements. From a stem disc, wood samples from the past five years of 

growth increment (1999-2003) were powdered and analyzed for δ
13

C at the Stable 

Isotope Laboratory at UC Davis, California. 

 

Analysis  

 

 We developed and tested five candidate multiplicative models that represented the 

relationship between juvenile tree radial growth and the following factors (1) size (target 

tree size), (2) site series (dry/poor, medium, and wet/rich soil moisture/soil nutrient 

regimes), (3) light (% full sun), (4) nitrogen (foliar nitrogen(% mass)), (5) moisture (soil 



moisture(VWC)), and (6) density (neighbor density (stems/ha)).  Model 1 uses a basic 

power function to predict radial growth as a function of target tree size.  Site series was 

also nested in model 1 to account for site series specific size/radial growth curves.  Since 

target tree size is such an important predictor of radial growth it was included as factor in 

all of our models.  Parameters a and b are estimated from the data  

 

RG = a[site series]*size
b 

         (1) 

 

In Model 2 radial growth is predicted as function of target tree size and light availability.  

Site series has been nested in the exponential light term of this model to account for 

differences in shade tolerance across the three site series.   

 

RG = (a[site series]*size
b
) * (1-e

(-1.0*ela[site sereis]*light)
)    (2) 

 

Models 3 and 4 test the assumption that moisture or nitrogen availability influence a trees 

ability to utilize available light thereby affecting radial growth.  In models 3 and 4 the 

nitrogen or moisture terms have been nested within the exponential light term.   

 

RG = (a[site series]*size
b
) * (1 - e

(-1.0*(ela + elb*moisture)*light)
)   (3) 

 

The final model tests the importance of neighbor density (stems/ha) when predicting 

radial growth.   

 

RG = (a[site series]*size
b
) * (1-e

(-ela*light^elb)
) * (e

(-esa*density)
)  (5) 

 

Maximum likelihood estimates of model parameters were obtained using simulated 

annealing (a global optimization algorithm) (Goffe et al., 1994).  We used Akaike’s 

Information Criteria (AICc) appropriate for small sample sizes (Hurvich and Tsai 1989; 

Burnham and Anderson 2002) to distinguish different functional forms of the model. 

Using this criteria models with minimum AIC have the greatest empirical support; 

models within 2 AIC units have similar levels of support (Burnham and Anderson 2002).  

The analysis was conducted using the R language and environment (R Development Core 

Team, 2006). 

 

Results and Discussion 

 

Of the five models tested, Model 2 had the lowest AICc (420.57) suggesting it performed 

better than the other models at predicting juvenile radial growth (Table 1).  This model 

predicts juvenile radial growth as a function target tree size and light availability.  It is a 

nested model that assumes site series has an influence on the shade tolerance of juvenile 

sub-alpine fir.  According to Figure 1 radial growth of subalpine fir increases consistently 

as light increases with no clear asymptote.  Figure 1 also shows the difference in the light 

response curves across the three site series.   It would appear that subalpine fir grows best 

on zonal sites, followed by, wet rich and dry poor sites.  Figure 1 also suggests that for 

medium and wet/rich sites site quality doesn’t appear to matter below 40% full sunlight.    

 



 Figure 1. Radial growth as a function of light intensity and site series  
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The continuous soil moisture and nitrogen data was less predictive of juvenile radial 

growth than the categorical site series data (Model 1).  The AICc estimates for Models 3 

(soil moisture) and 4 (nitrogen) were 423.63 and 424.26, respectively (Table 2).  These 

AIC estimates are within 2 AIC suggesting the models are equally predictive of juvenile 

tree growth.  These models were likely less predictive of juvenile tree growth due the 

variability of the soil moisture and foliar nitrogen data.  Model 5 was even less predictive 

of radial growth with the second highest AIC estimate of 427.7.  This model predicted 

radial growth as a function of neighborhood density.  This model likely performed poorly 

due to the correlation between radial growth and light.  

 

Table 2. Juvenile tree growth models and associated AICc values 

 

This project is unique in that we collected information regarding the influence of 

neighbor density on juvenile tree growth.  This has largely been overlooked in other field 

based studies investigating the role of different resources on juvenile tree growth.   The 

findings from this study suggest that simple model incorporating tree size, light, and site 

series is best at predicting radial growth.  

 

 

 

 

 

Model  Growth Factor Model AICc R2 Rank 

1 size a[X2]*X1^b 714.398 0.303 5 

2 size, light, site series (a[X2]*X1^b) * (1-exp(-1.0*ela[X2]*X3)) 420.566 0.75 1 

3 size, light, moisture (a[X2]*X1^b) * (1 - exp(-1.0*(ela + elb*X5)*X3)) 423.634 0.748 2 

4 size, light, nitrogen (a[X2]*X1^b) * (1 - exp(-1.0*(ela + elb*X4)*X3)) 424.259 0.743 3 

5 size, light, density (a[X2]*X1^b) * (1-exp(-ela*X3^elb)) * (exp(-esa*X6)) 427.697 0.744 4 
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