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Abstract 1 
We used manual cutting to manipulate trembling aspen (Populus tremuloides Michx.) 2 

density and spatial arrangement in relation to crop lodgepole pine (Pinus contorta Dougl. Ex 3 

Loud. var. latifolia Engelm.) on two sites in contrasting dry, cool to cold ecosystems of south-4 

central British Columbia. In the dry, cool interior Douglas-fir ecosystem (IDFdk3), we reduced 5 

the density of tall aspen (aspen at least as tall as target pine) to 0 (broadcast removal), 1000, 2500, 6 

or 4000 stems/ha when the planted lodgepole pine was 6 years old. Eight years later, pine 7 

height/diameter ratio (HDR) was significantly lower in the broadcast removal and 1000 stem/ha 8 

treatments than in the control. There were no other growth responses and pine survival and vigour 9 

were good regardless of treatment. In contrast, in a dry, cold sub-boreal pine spruce ecosystem 10 

(SBPSxc) where treatments were applied at a stand age of 11 years, naturally regenerated 11 

lodgepole pine stem diameter increased significantly in the broadcast removal treatment relative 12 

to the untreated control within 2 years. After 4 years, HDR had declined significantly relative to 13 

the control where tall aspen density was ≤1000 stems/ha. There were no pine responses where 14 

2500 tall aspen stems/ha were retained or where tall aspen were removed only within a 1-m 15 

radius around pine. The greater height differential between aspen and pine at the SBPSxc than the 16 

IDFdk3 site may partly explain the differing response of lodgepole pine to treatment. Trends of 17 

decreasing sucker density with increasing aspen retention were evident at both sites, but 18 

differences were significant (p≤0.05) only at the SBPSxc site. 19 

We also used regression analysis to examine the ability of tall aspen density and three 20 

competition indices to predict lodgepole pine stem diameter and height. These variables predicted 21 

6 to 75% of the variation in pine size when a 1-m neighbourhood was used, and 24-61% of the 22 

variation when a 2.6-m neighbourhood was used. The most successful indices were those that 23 

considered the height differential between aspen and pine. 24 
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Introduction 1 

Ecosystem specific knowledge of competitive interactions between juvenile lodgepole 2 

pine (Pinus contorta Dougl. Ex Loud. var. latifolia Engelm.) and trembling aspen (Populus 3 

tremuloides Michx.) in the Cariboo-Chilcotin region of south-central British Columbia (BC) is 4 

required for successful management of these mixtures (Newsome et al., 2008). These two shade-5 

intolerant species (Klinka et al., 2000) regenerate naturally following fire or harvesting 6 

disturbance in ecosystems that range from moist and relatively productive to dry and cold with 7 

lower productivity (Steen and Coupé, 1997).  8 

Trembling aspen is a potentially strong competitor for light (Comeau et al., 2006), and 9 

until recently, management approaches favoured its removal to promote conifer growth, 10 

regardless of ecosystem. Manual cutting was often used to clear aspen, despite the potential for 11 

competition problems to worsen as a result of abundant suckering (Peterson and Peterson, 1995). 12 

We now recognize that broadleaf trees confer nutritional and forest health benefits at both site- 13 

and individual conifer tree-levels. These include the retention of nutrients within ecosystems 14 

(Pastor, 1990), improving root disease resistance (Morrison et al., 1991; Peterson and Peterson, 15 

1995; Gerlach et al., 1997; Simard et al., 2005), protection from frost (DeLong, 2000; Stathers, 16 

1989), and increases in mechanical stability (Frivold, 1985; Yang, 1989). In addition to the forest 17 

health benefits associated with aspen presence, there is also ample evidence that sucker initiation 18 

and subsequent growth decrease with the level of aspen retained during manual cutting treatments 19 

(Peterson and Peterson, 1995; Huffman et al., 1999; Prévost and Pothier, 2003; Frey et al., 2003).   20 

Mixed broadleaf-conifer stands occur naturally in the BC landscape (e.g., Kabzems and 21 

Garcia, 2004; Comeau et al., 2005), and in principle, the retention of aspen to biological 22 

thresholds for conifer growth is encouraged within ecosystem-based management approaches. In 23 

practice, despite recognition of the facilitative attributes of aspen (Simard and Vyse, 2006), 24 

guidelines based on ecosystem-specific research regarding the retention of aspen are lacking, and 25 
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the objective itself is often in conflict with suggested standards for broadleaf retention (BC 1 

Ministry of Forests, 2002). 2 

Theories regarding competition between juvenile broadleaf and conifer trees are 3 

generally based on the assumption that resource (e.g., light) preemption is the predominant 4 

process (Weiner, 1990; Newton and Jolliffe, 1998). This is particularly true for trembling aspen-5 

lodgepole pine mixtures where both species are shade-intolerant (Klinka et al., 2000), and where 6 

the range of management options is narrower than for mixtures involving moderately shade-7 

tolerant species such as white spruce (Picea glauca (Moench) Voss) (Comeau et al., 2005; 8 

Filipescu and Comeau, 2007). Efforts have been made to identify competition thresholds for 9 

trembling aspen-lodgepole pine mixtures that describe the abundance of aspen beyond which pine 10 

survival or growth steeply declines (Simard et al., 2001; Newsome et al., 2003) or where aspen 11 

abundance reduces under- and within-canopy light availability to critical levels (Comeau, 2001; 12 

Comeau et al., 2006). Competition indices (CIs) have been developed to predict lodgepole pine 13 

size from neighbouring trembling aspen size (Lorimer, 1983; Navratil and MacIsaac, 1993) and 14 

spatial factors (e.g., Daniels, 1976; Simard, 1990), and individual aspen abundance variables have 15 

also been used successfully (Newsome et al., 2008). Despite the criticism that CIs describe 16 

competitive interactions at only a single point in time and within a fixed zone of influence 17 

(Burton, 1993), they can be useful forest management tools (Filipescu and Comeau, 2007).  18 

Research to develop ecosystem-specific guidelines for managing juvenile mixtures of 19 

trembling aspen and lodgepole pine has been underway in south-central British Columbia for 20 

more than a decade. Our earliest work characterized competitive relationships in naturally 21 

occurring stands in dry and moist-transition ecosystems by identifying thresholds and developing 22 

predictive relationships (Newsome et al., 2003, 2008). The need for management guidance has 23 

been amplified by the mountain pine beetle (Dendroctonus ponderosae Hopkins) epidemic, 24 

particularly in less productive ecosystems where fire-origin, relatively pure stands of lodgepole 25 

pine are the norm. Little research has so far been carried out in these drier, colder Cariboo-26 
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Chilcotin ecosystems because harvesting, and the subsequent need for reforestation, began only 1 

relatively recently. In general, harvested sites in these ecosystems have been allowed to 2 

regenerate naturally to pine-aspen mixtures.  3 

To test our previous findings in ecosystems at the drier, colder end of the climatic 4 

spectrum, we applied treatments to manipulate aspen density and spatial arrangement on sites in 5 

two ecosystems that are characterized by dry, cool to cold climate. Our objectives were to (i) 6 

compare lodgepole pine survival and growth responses across a range of aspen retention levels, 7 

(ii) to compare aspen growth and suckering responses to those retention levels, (iii) to test aspen 8 

retention thresholds that were previously identified from data collected in natural (untreated) 9 

stands, (iv) to test tall aspen abundance and the BDR, Lorimer, and Hegyi competition indices, 10 

which have been good predictors of pine size in natural stands, and (v) to compare results 11 

between the two ecosystems. 12 

 13 

Methods 14 

Study sites 15 

The studies are located on two sites in south central British Columbia: the Clusko site is 16 

in the Dry Cold Sub-Boreal Pine-Spruce subzone (SBPSxc). The Meldrum site is transitional 17 

between the Fraser variant of the Dry Cool Interior Douglas-fir zone (IDFdk3) and the Interior 18 

Douglas-Fir Very Dry Mild subzone (IDFxm). It will be referred to as the IDFdk3 as 19 

management of pine is not common in the IDFxm. (Meidenger and Pojar, 1991). Site 20 

characteristics are provided in Table 1.  21 

Sampling design and treatments 22 

Each study used a randomized complete block design (RCBD) with five treatments. At 23 

the Meldrum site, five levels of aspen retention (broadcast removal (BR), 1000, 2500, 4000, 24 
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untreated control (UC)) were replicated in three blocks, with blocking applied to address 1 

differences in pre-treatment aspen size. At the Clusko site, five levels of aspen retention (BR, 2 

1000, 2500, removal within a 1-m radius (1-m), and UC) were replicated in four blocks. There 3 

were no statistical differences in aspen size, but blocking was applied to account for the spatial 4 

separation of treatments that had resulted from plots being located across a large cutblock in 5 

order to meet pre-treatment requirements for aspen presence. At each site, plots were established 6 

that measured 60 x 60 m in size, including a 10 m surrounding buffer. Within the 40 x 40 m 7 

treatment area, 25 gridpoints were systematically located, and starting from the first gridpoint, 8 

the closest healthy, undamaged lodgepole pine was identified. Neighbouring aspen that were at 9 

least as tall as the subject pine within a known radius were tallied to ensure that aspen density 10 

was high enough to allow random assignment of treatments. At Clusko, a minimum height 11 

criterion of 20 cm was employed to ensure that selected naturally regenerated pine were well-12 

established. The first 16 lodgpole pine that met the selection criteria became target trees. 13 

Measurements 14 

At each site, target lodgepole pine were assessed for ground-level stem diameter (GLD) 15 

(±0.1 cm), height (±5 cm), leader length (±1cm), and crown width (±5 cm). At the Meldrum site, 16 

measurements took place immediately following treatment in 1998, and in 2000, 2002, 2004, and 17 

2006. At Clusko, measurements were conducted immediately following treatment in 2001, and in 18 

2003 and 2005. Height/ground-level diameter ratio (HDR) and height and diameter growth 19 

increments during specific time periods were calculated. Pine were assigned vigour ratings of 20 

good (vigorous growth, no indications of stress), fair (moderate growth, minor indications of 21 

stress or minor defects), poor (poor growth, indictions of severe stress), or dead (moribund trees 22 

were considered dead). Damage and damage cause were assessed according to Newsome et al. 23 

(2003).  24 
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At each assessment date, neighbouring trembling aspen around each target pine were 1 

measured for GLD (±0.1 cm) and height (±5 cm) within  3.0 m-radius subplots at Meldrum and 2 

within 2.6 m-radius subplots at Clusko. Distance from the target pine to each aspen stem was also 3 

recorded to enable the use of specific neighbourhood sizes in regression analysis. Density and 4 

basal area (based on GLD) per hectare were calculated for the subset of stems that were taller 5 

than the target lodgepole pine (tall aspen).  6 

In 2000 and 2002 at Meldrum and in 2003 at Clusko, suckers (shoots that originate from 7 

adventitious buds on the established root system) and sprouts (shoots that originate from 8 

adventitious buds at the root collar of stumps) that had emerged following treatment were counted 9 

within the 3.0- or 2.6-m subplots. No attempt was made to differentiate between suckers and 10 

sprouts, and both will henceforth be referred to as suckers. Starting from due north and traveling 11 

clockwise, height was measured for the first 15 suckers in each subplot.  12 

Analysis 13 

Data were tested for normality and homogeneity of variance. In some cases (e.g., tall 14 

aspen density and basal area per hectare), a square root transformation was applied to stabilize the 15 

variance and improve the normality of the data prior to analysis of variance (ANOVA). ANOVA 16 

was used to determine if differences in the level of aspen retention affected target pine growth 17 

and stand-level tall aspen responses at individual sites (18 
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Table 2). Early stand-level analyses excluded the broadcast removal treatment that had no tall 1 

aspen, and thus have one less degree of freedom associated with treatment. Where a square root 2 

transformation was used, the estimated (least-squares) treatment means and associated confidence 3 

intervals were back-transformed to the original scale to facilitate interpretation of ANOVA 4 

results. For categorical variables such as vigour and survival, percentages of trees in each class 5 

were calculated. The statistical significance of differences between all pairs of treatment means 6 

was assessed by the Bonferroni method of multiple comparisons (α=0.05). 7 

For each site, non-linear regression analysis (Model 1) was used to examine relationships 8 

between pine GLD or height and (a) tall aspen aspen density, (b) the BDR competition index 9 

[diameter of tallest aspen / diameter of target lodgepole pine] (Navratil and MacIsaac, 1993), (c) 10 

the Lorimer competition index [Σ (aspen diameter / target lodgepole pine diameter)] (Lorimer 11 

1983) or (d) the Hegyi competition index [Σ (aspen diameter / target lodgepole pine diameter) / 12 

pine–aspen stem-to-stem distance] (Daniels 1976). Models were developed for two 13 

neighbourhood sizes (1.0 and 2.6 m radius) using 2005 data from Clusko and 2006 data from 14 

Meldrum. The exponential decay function (Model 1) was selected to allow comparison of these 15 

results with those previously reported for pine-aspen stands in Cariboo-Chilcotin ecosystems 16 

(Newsome et al., 2003, 2004a,b):  17 

y = aebx + γblock + δtreatment plot (block) + ε,    (1) 18 

 19 

where y is lodgepole pine GLD or height, x is tall aspen density, the BDR index, the Lorimer 20 

index, or the Hegyi index, and  γblock, δtreatment plot (block), and ε are respectively the random errors 21 

associated with blocks, treatment plots within blocks, and the residual (tree) error. Coefficients of 22 

determination (R2) were calculated. All data analyses were carried out using SAS statistical 23 

software (SAS Institute Inc., 2002-2003).  24 

 25 

Results 26 
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Target lodgepole pine responses 1 

Survival and vigour 2 

Meldrum 3 

Eight years after treatment, survival of 14 year-old lodgepole pine was at least 90% in all 4 

treatments, including the untreated control. Pine vigour had declined between ages 6 and 10 due 5 

to heavy moose browsing in the winter of 1998/99 (data not shown), but more than 80% of stems 6 

had recovered to good or fair vigour by the 8th year assessment (Figure 1). Ungulate browse 7 

continued to be responsible for foliage loss on 4-14% of pine and stem damage (mainly forking) 8 

on 2-9% of pine in year 8. The incidence of foliage damage tended to increase with aspen 9 

retention level, whereas the opposite was true of stem damage. Other damaging agents included 10 

pine terminal weevil (Pissodes terminalis) and physical abrasion from adjacent aspen, each 11 

affecting up to 7% of pine in individual treatments. Western gall rust (Endocronartium 12 

harknessii) was present on the site, but affected fewer than 3% of target pine. 13 

Clusko 14 

Four years after treatment, survival of 15 year-old lodgepole was at least 98% in all treatments 15 

including the untreated control, and virtually all surviving stems had good or fair vigour (Figure 16 

1). Browse damage affected 3% of stems in the 1000 treatment, and none in the other treatments, 17 

while western gall rust affected 2% of pine in the 1-m treatment only. 18 

 19 

Growth 20 

Meldrum 21 

Eight years after retention treatments were applied, there were no significant differences 22 

(p>0.05) in lodgepole pine height, leader length, GLD, or crown width as a result of aspen 23 

retention treatments (24 
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Table 5). HDR was significantly higher (p=0.007) in the untreated control (72) compared to the 1 

broadcast removal and 1000 treatments (average 60). Similar differences in HDR had been 2 

present as early as year 6 after treatment (p=0.011, Table 3). Increases in target pine GLD growth 3 

during the period of 2002-2004 were significantly greater in the 1000 and 4000 treatments 4 

(average 1.0 cm) than in the untreated control (0.7 cm) (p=0.014), but there were no significant 5 

differences (p>0.05) in GLD growth for the periods of 1998-2002 (average 1.7 cm), 2004-2006 6 

(average 1.4 cm), or 1998-2006 (average 4.0 cm). There were no significant differences in height 7 

growth during the 8 year assessment period. 8 

Clusko 9 

Within 2 years of treatment, pine GLD was significantly larger in the broadcast removal 10 

treatment than the untreated control, and the difference continued to be significant 4 years after 11 

treatment when pine were 15 years old (p≤0.05, Table 6). There were no significant differences 12 

(p>0.05) in pine height, leader length, or crown width 2 or 4 years after treatment. Target pine 13 

GLD growth from 2001-2003 differed significantly between treatments (p<0.0001), being greater 14 

in the broadcast removal treatment (1.01 cm) than in any other (average 0.65 cm), and greater in 15 

the 2500 treatment (0.72 cm) than in the control (0.52 cm). GLD growth rates continued to differ 16 

significantly during the period of 2003-2005 (p=0.029), but the Bonferroni test was unable to 17 

separate means (average 1.0 cm). During the entire post-treatment period from 2001-2005, GLD 18 

growth in the broadcast removal treatment (2.2 cm) exceeded that of the 1000, 1-m, and untreated 19 

control treatments (average 1.5 cm), but not the 2500 stems/ha (1.8 cm) (p=0.0002). HDR was 20 

significantly lower in the broadcast removal treatment than in the untreated control 2 years after 21 

treatment, and was also lower in the broadcast removal than the 1-m treatment after four years. 22 

 23 

Neighbouring aspen 24 

Tall aspen 25 

Meldrum 26 
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Immediately following treatment, tall aspen density was significantly higher in the 1 

untreated control (13,521 stems/ha) than in the 1000, 2500, and 4000 treatments (p<0.0001, Table 2 

3, Figure 2). No tall aspen were retained in the broadcast removal treatment, and relatively few 3 

aspen shorter than pine remained in the 1000, 2500, and 4000 retention treatments. Eight years 4 

after treatment, tall aspen density in the control had declined to 5267 stems/ha, which was still 5 

significantly higher than in the other treatments (p=0.0014). Tall aspen BA in the untreated 6 

control was consistently higher than in the 1000 and 2500 treatments, but was similar to that of 7 

the 4000 treatment from year 4 onwards (Figure 2). Height of tall aspen did not differ 8 

significantly among the 1000, 2500, 4000, or UC treatments at any of the assessment dates 9 

(p>0.05). By year 8 post-treatment, an average 638 sucker origin stems/ha had grown taller than 10 

the target pine in the broadcast removal treatment, but they were significantly shorter (p=0.0008) 11 

than tall aspen in the other retention treatments (Table 3, Figure 2).  12 

Clusko 13 

At Clusko, tall aspen density immediately following treatment was significantly higher in 14 

the 1-m treatment and the untreated control (average 8705 stems/ha) than in the 1000 and 2500 15 

treatments, and this trend continued through the 4 year assessment period (16 
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Table 4, Figure 2). As at Meldrum, no aspen taller than target pine were retained in the broadcast 1 

removal treatment, and relatively few aspen shorter than pine remained in the 1000 and 2500 2 

retention treatments. Tall aspen BA was higher in the untreated control than the 1000 treatment 3 

through year 4 (p≤0.05), whereas differences between the 2500 and untreated control were 4 

significant immediately following treatment but disappeared by year 4. Immediately after 5 

retention treatments were applied, tall aspen height was significantly greater in the 1000 treatment 6 

than the untreated control (p=0.003, 7 
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Table 4, Figure 3). Although tall aspen height differences continued to be significant 2 years later, 1 

the Bonferroni test could no longer distinguish between treatments. By the 4th year post-2 

treatment, an average 144 sucker origin aspen/ha in the broadcast removal treatment had grown 3 

taller than the target pine, but were significantly shorter than tall aspen in the other treatments 4 

(p=0.0008).  5 

 6 

Suckers 7 

Meldrum 8 

Two years after treatment, aspen sucker density tended to decrease with increasing 9 

density of retained aspen, ranging from approximately 33,600 suckers/ha in the broadcast 10 

removal treatment to 16,600 suckers/ha in the 4000 treatment. However, differences were not 11 

statistically significant due to high variability (p=0.15, Figure 4). Sucker densities declined by 33-12 

47% between years 2 and 4 after cutting, but trends remained similar and differences continued to 13 

be non-significant (p=0.12). Suckering was not assessed in the year 6 assessment and by year 8 14 

post-treatment (2006), surviving suckers could no longer be distinguished from smaller residual 15 

stems and were not assessed as a separate stand component. Suckers averaged 46 and 75 cm tall 2 16 

and 4 years after cutting, respectively, and height did not differ among treatments (p>0.05). 17 

Clusko 18 

Two years after treatment, sucker density was significantly higher in the broadcast 19 

removal treatment than 1000, 2500, or 1-m radius treatments (p<0.0001, Figure 4). Sucker 20 

density was also significantly higher in the 1000 than the 2500 treatment or 1-m treatments. 21 

Suckers were not assessed as a separate stand component in the 4th year assessment because they 22 

could not be differentiated from smaller residual stems. Sucker height averaged 26 cm 2 years 23 

after cutting, and did not differ among treatments (p>0.05). 24 

 25 

Regression analysis 26 
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At Meldrum (IDFdk3), tall aspen density in 1.0 m radius neighbourhoods explained 21% 1 

of the variation in 14 year old pine GLD and height (Table 7). Slightly more variation (24-26%) 2 

was explained when a 2.6 m neighbourhood was used. In contrast at Clusko (SBPSxc), tall aspen 3 

density in 1.0 m neighbourhoods explained only 6% of the variation in 15 year old pine GLD and 4 

height, and increasing the plot size improved R2 values to 25 and 22%, respectively. The BDR 5 

competition index was a better predictor of pine height or GLD than tall aspen density in 2.6 m 6 

neighbourhoods, explaining 39-56% of the variation in size. In 1.0 m neighbourhoods, the BDR 7 

index was only a slightly better predictor of pine size than tall aspen density. In contrast to tall 8 

aspen density and BDR, the Lorimer and Hegyi indices predicted pine GLD and height more 9 

successfully in 1.0 than 2.6 m neighbourhoods. These two indices performed similarly to each 10 

other, predicting 70-75% and 64-69% of the variation in pine GLD and height, respectively, in 11 

1.0 m neighbourhoods. In 2.6 m neighbourhoods, the Lorimer and Hegyi indices predicted pine 12 

size approximately as well as BDR, producing R2 values ranging from 39-61% (Table 7). 13 

 14 

Discussion 15 

Lodgepole pine responses 16 

The Meldrum (IDFdk3) and Clusko (SBPSxc) studies examined lodgepole pine survival 17 

and growth responses to a range of aspen retention levels up to threshold levels that had been 18 

suggested by earlier work in naturally occurring IDFdk3 stands (Newsome et al., 2008). Pine 19 

growth responses differed at the Meldrum and Clusko sites, possibly due to variation in 20 

regeneration method and ecosystem characteristics.  21 

Eight years after treatments were applied at the IDFdk3 Meldrum site, survival of 14 22 

year-old lodgepole pine was excellent at all retention levels including the uncut control and there 23 

were no between-treatment differences in pine diameter or height growth. In contrast, lodgepole 24 

pine stem diameter increased within 2 years of broadcast aspen removal at the SBPSxc Clusko 25 

site. Lodgepole pine growth responses to reductions in neighbouring aspen abundance have been 26 
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variable in other south-central to southern BC studies, with significant diameter increases 1 

reported in some studies (Heineman et al., 2008) but not others (Newsome et al., 2004b, 2006). 2 

Lodgepole pine height responses have been consistently absent in variable aspen density studies, 3 

which is typical of juvenile conifer response to reduced vegetation competition (Lanner, 1985). 4 

Losses in height tend not to be expressed until conifers are experiencing extreme stress and low 5 

vigour (Wagner, 2000; Newsome et al., 2008). Despite the lack of diameter response at Meldrum, 6 

a significant decrease in 14 year-old lodgepole pine HDR from 72 in the control to 58 and 61 in 7 

the broadcast and 1000 stems/ha treatments suggests that control pine were experiencing some 8 

stress (Newton and Comeau, 1990). This is also reflected in the slightly higher mortality and 9 

proportion of poor vigour pine in the control (Figure 1a). At the Clusko site, pine HDR was 10 

significantly reduced as a result of the broadcast removal and 1000 treatments, but higher HDR 11 

was not associated with a trend toward reduced survival and vigour (Figure 1b). Height: diameter 12 

ratio was lower across all retention levels (45 to 55) at the SBPSxc than the IDFdk3 site. 13 

 14 

Neighbouring tall aspen and sucker responses 15 

Tall aspen density responses to treatment differed somewhat in the IDFdk3 Meldrum and 16 

SBPSxc Clusko experiments. At Meldrum, tall aspen densities in the 1000, 2500, and 4000 17 

stems/ha treatments were slightly above target levels immediately post-treatment, but declined to 18 

26-37% below target within 8 years. Tall aspen density is a relative measure, and its decline over 19 

time is attributed mainly to the increasing rate of pine growth relative to aspen rather than to 20 

aspen stem mortality1. In contrast, tall aspen densities in the 1000 and 2500 treaments at Clusko 21 

increased by 2-14% within 4 years of treatment, despite the fact that  lodgepole pine was 22 

increasing in height relative to tall aspen. Suckers or shorter residual aspen may have been 23 

surpassing some of the smaller target pine in height, which implies that, at similar age, aspen-pine 24 

height relationships at the SBPSxc site were in greater flux than those at the IDFdk3 site.  25 
                                                 
1 Based on unpublished data from a related growth and yield experiment at the Meldrum study site. 
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When stands were 14-15 years old, tall aspen basal area in both the 1000 and 2500 1 

stems/ha treatments was similar at the Meldrum and Clusko sites. In the untreated controls, 2 

however, despite similar tall aspen densities of 5300-5700 stems/ha at the two sites, the 3 

associated basal area was 41% higher at the IDFdk3 Meldrum site. Annual precipitation is higher 4 

in the IDFdk3 than the SBPSxc (Steen and Coupé, 1997, Table 1), a factor that Hogg and Wein 5 

(2005) associated with increases in trembling aspen growth. Chen et al. (1996) also note that 6 

aspen productivity increases with moisture availability in British Columbia.  7 

One of the anticipated benefits of retaining some aspen on manually brushed sites is a 8 

reduction in suckering (Huffman et al., 1999; Prévost and Pothier, 2003). This response is 9 

attributed primarily to the maintenance of apical dominance among aspen (Frey et al., 2003), but 10 

results can be variable because a variety of factors, including density of aspen in the original 11 

stands, soil temperature, soil moisture and nutrient availability, and genetics (DesRochers and 12 

Lieffers, 2001; Frey et al., 2003) are also linked to sucker initiation and growth. At both the 13 

Meldrum and Clusko sites, trends in sucker production clearly supported the general concept of 14 

an inverse relationship between suckering and aspen retention level, but it was difficult to 15 

distinguish between retention levels due to high variability. Treatment effects were significant 16 

only at Clusko, where sucker density 2 years after broadcast aspen removal was extremely high 17 

(approximately 83,000 per ha). Although fewer than half this number of suckers was present in 18 

the analagous treatment at Meldrum, sucker densities in the 2500 stems/ha treatments were 19 

similar at the two sites (21,000 - 22,000/ha).  20 

Sucker height did not differ among treatments at either site, but 2 year growth at the 21 

SBPSxc Clusko site was considerably less than at the IDFdk3 Meldrum site, and was also less 22 

than reported elsewhere in BC (Haeussler et al., 1990; Newsome et al., 2006). According to the 23 

literature, differences in sucker height growth may be associated with parental root biomass 24 

(DesRochers and Lieffers, 2001), genetics (Wullschleger et al., 2005), or a range of 25 

environmental factors (Frey et al., 2003).  26 
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 1 

Competitive interactions 2 

The rapid diameter growth response of lodgepole pine to broadcast aspen removal at the 3 

SBPSxc Clusko site suggests that trembling aspen was a stronger competitor at that site than at 4 

the warmer, more productive IDFdk3 Meldrum site. We had expected the opposite to be true 5 

based on the theory that competitive effects increase with site productivity (Grime, 2001). 6 

Trembling aspen intercepts more light per unit basal area in the IDF than the SBPS 7 

biogeoclimatic zone (Comeau et al., 2006), and its growth may be more sensitive to cold soil 8 

conditions than that of lodgepole pine (Green, 2004). Light availability is generally thought to be 9 

the greatest limitation to conifer growth in juvenile broadleaf-dominated stands (e.g., Coates and 10 

Burton, 1999; Lieffers et al., 2002; Simard and Sachs, 2004; Simard and Vyse, 2006), and the 11 

ability of aspen to compete for this resource depends on crown characteristics (Bravo et al., 2001; 12 

Pinno et al., 2001) and the relative height of pine within the aspen canopy (Comeau et al., 2006). 13 

We suspect that differences in the height of aspen relative to lodgepole pine at these two sites 14 

played an important role in the differing response of pine to treatment. At Meldrum, lodgepole 15 

pine was growing within, rather than below, the aspen canopy throughout the 8-year 16 

measurement period, which we attribute largely to the fact that the site was planted rather than 17 

naturally regenerated. Planted stock has an early height growth advantage over natural 18 

regeneration due to the longer establishment period of the latter (Weetman and Vyse, 1990). At 19 

Meldrum, pine was 65% the height of tall aspen at age five and more than 75% its height at age 20 

13, even in untreated plots. According to models developed for the IDF zone (Comeau et al. 21 

2006), 75-85% full light is available at a relative height of 0.7 in the aspen canopy, which is more 22 

than adequate for lodgepole pine to achieve at least half its maximum diameter and height growth 23 

(Kayahara et al., 1996; Wright et al., 1998).  24 

In contrast, 11 year-old naturally regenerated lodgepole pine at Clusko was only 40% the 25 

height of the tall aspen at the start of the study and was generally growing below its canopy where 26 
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less than 15% full sunlight would have been available in the untreated control (Comeau et al., 1 

2006). Height differentials between aspen and pine decreased over time at Clusko as well as 2 

Meldrum, however (Figure 3), contrasting with trends observed by Newsome et al. (2008) in 3 

naturally developed stands in both the IDFdk3 and the moister SBSdw1 variants. Lodgepole pine 4 

responses to broadcast removal of aspen at Clusko may also be associated with increased 5 

availability of soil resources since the SBPSxc is a drier, more nutrient-poor ecosystem than the 6 

IDFdk3 (Steen and Coupé, 1997, Table 1) and young aspen has high nutrient requirements 7 

(Peterson and Peterson, 1995).  8 

Previous examination of 20-24 year old naturally regenerated IDFdk3 pine-aspen stands 9 

suggested that lodgepole pine vigour was acceptable (defined as ≥80% of stems in fair to good 10 

vigour) in neighbourhoods with up to 5000 tall aspen stems/ha (Newsome et al., 2008). The 11 

present Meldrum study supports this conclusion. We found no significant declines in growth or 12 

trends of decreasing vigour until tall aspen density exceeded 4000 stems/ha. We did not however, 13 

find evidence to support the Newsome et al. (2008) suggestion that lodgepole pine diameter 14 

growth could be optimized (defined as obtaining ≥90% open grown size) by reducing tall aspen 15 

density to 1000 stems/ha. Thresholds for the relatively dry IDFdk3 biogeoclimatic variant appear 16 

to be higher and much less clearly defined than has consistently been reported for moister, more 17 

productive ecsosystems (Heineman et al., 2008; Newsome et al., 2008).  18 

Compared with other studies (Newsome et al., 2003; Heineman et al., 2008; Newsome et 19 

al., 2008), the relationship between tall aspen density and lodgepole pine growth was relatively 20 

weak (maximum R2 of 25%) at both the Meldrum and Clusko sites. At Meldrum, this was 21 

apparently due to the fact that pine were not experiencing severe competition, and R2 values 22 

increased very little when neighbourhood size was increased from 1.0 to 2.6 m. At Clusko, 23 

inadequate plot size may have contributed to the weak relationship (Burton, 1993). Increasing the 24 

plot size from 1.0 to 2.6 m quadrupled R2 values, and given the large height differential between 25 

tall aspen and target pine and the resulting distance over which aspen can create shade at a 26 
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latitude of 52oN, an even larger plot size may have been appropriate. The three competition 1 

indices, all of which include a measure of pine size relative to that of aspen, were better 2 

predictors of both lodgepole pine diameter and height than tall aspen density. At both Meldrum 3 

and Clusko, the BDR index predicted pine size more successfully using a 2.6-m than a 1.0-m 4 

neighbourhood size. Regardless of neighbourhood size, adjusted R2 values associated with the 5 

BDR index were lower than Newsome et al. (2008) reported for stands of similar age in the 6 

IDFdk3 and SBSdw1. In contrast, the Lorimer and Hegyi indices produced similar R2 values to 7 

those reported by Newsome et al. (2008), and were more successful predictors of pine size in a 8 

1.0-m than a 2.6-m radius neighbourhood. Both these indices take into account the height 9 

differential between pine and aspen, and the higher R2 values associated with the small 10 

neighbourhood size suggests that the relative size of near neighbours was important. Factors other 11 

than competition affect conifer growth responses, however, and the predictive ability of 12 

competitor abundance variables and competition indices can be highly variable between 13 

ecosystems, and even between sites in the same ecosystem (Filipescu and Comeau, 2007; 14 

Heineman et al., 2008). It is also possible that aspen may be competing for soil moisture and 15 

other resources on these sites.  If this is the case, “shorter” as well as “tall” aspen could exert 16 

competitive effects, which would not be represented in our analysis. 17 

 18 

Conclusions and management implications 19 

Manual cutting treatments were applied at the Meldrum IDFdk3 and Clusko SBPSxc sites 20 

to examine lodgepole pine responses to different levels of aspen retention, to test thresholds for 21 

aspen retention that had previously been suggested for the IDFdk3 (Newsome et al., 2008), and to 22 

examine aspen suckering responses at different retention levels. Pine growth responses to aspen 23 

removal were more pronounced at the Clusko than the Meldrum site, contradicting our 24 

expectation that aspen would compete more vigorously in the more productive IDFdk3 ecosystem 25 

(e.g., Grime, 2001; Comeau et al., 2006). We suggest that the lack of lodgepole pine growth 26 
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response at Meldrum may be due to the small height differential that existed between aspen and 1 

pine. We are currently investigating the importance of aspen-pine height differences across a 2 

range of ecosystems.  3 

The lack of significant differences in pine performance between the 0, 2500, and 4000 4 

retention treatments at Meldrum support the Newsome et al. (2008) conclusion that lodgepole 5 

pine in the IDFdk3 performs well in neighbourhoods with up to 4000 tall aspen/ha, but does not 6 

support their suggestion that pine diameter growth can be optimized by further reducing tall aspen 7 

density to 1000 stems/ha. Pine at the Clusko SBPSxc site were performing well in 8 

neighbourhoods with up to 2500 tall aspen stems/ha, but longer term assessments are required 9 

before firm conclusions can be drawn for that site. Lodgepole pine was gradually gaining in 10 

height relative to aspen at both Meldrum (IDFdk3) and Clusko (SBPSxc). Since light availability 11 

increases with relative height in the canopy (Comeau et al., 2006), this suggests that competition 12 

will not worsen with stand age at the respective thresholds of 4000 and 2500 tall aspen stems/ha.  13 

Both the Meldrum and Clusko studies sustain the conclusion (e.g., Huffman et al., 1999; 14 

Prévost and Pothier, 2003) that post-cutting treatment suckering declines with increasing 15 

retention of aspen. However, suckers were growing relatively slowly on these sites, and we doubt 16 

they would overtake lodgepole pine to the extent of having a negative biological effect, even in 17 

the broadcast removal treatment. On other sites, however, much more vigorous sucker growth has 18 

been observed (e.g., Peterson and Peterson ,1995).  19 

Other studies have suggested the need for ecosystem-specific guidelines for managing 20 

juvenile lodgepole pine-trembling aspen mixtures (Chen et al., 2002; Comeau et al., 2006; 21 

Heineman et al., 2008; Newsome et al., 2008), but longer term assessment of SBPSxc stand 22 

development is required to determine whether thresholds for aspen retention are different from 23 

those in the IDFdk3. We stress the limitations of these results. They are based on outcomes from 24 

a limited number of mesic sites where pine regenerated more or less concurrently with aspen. 25 

Under other conditions, such as where the height differential between aspen and pine is greater, 26 
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or in moister, more productive ecosystems, trembling aspen is a much stronger competitor 1 

(Newsome et al., 2008).  2 
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Table 1. Site and treatment history characteristics 1 

 Meldrum Clusko 
Site characteristics   

Latitude/longitude 52o0’N/122o20’W 52o29’N/124o06’W 
BEC unit and site series IDFdk3/01 SBPSxc/01 
Elevation 900 m 1100-1150 m 
Soil moisture regime Submesic-mesic (subhygric) Submesic-mesic 
Slope 0-5% 2-10% 
Aspect variable SW 
Soil Luvisol Brunisol 
Mean annual precipitationa 433 mm 389 mm 
Mean annual temperaturea 3.3oC 1.7oC 
Average frost-free perioda 151 days 93 days 

Site history   
Harvested 1980 1989 
Site preparation Ripped 1992 - 
Planting 1993 - 
Experimental treatments applied  1998 2001 

Stand conditions at start of study   
Pine age 6 years 11 yearsb 
Untreated tall aspen height 174 cm 177 cm 
Untreated tall aspen density  13, 521 stems/ha 9,934 stems/ha 

a Averages for BEC units (Steen and Coupé 1997). 2 
b Age is considered to be time since disturbance, despite the fact that ingress may have taken 3 
place over several years. 4 
 5 
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Table 2. Sources of variation in analysis of the effects of aspen removal treatments on target 1 

lodgepole pine growth, tall aspen density, and tall aspen basal area on individual sites 2 

Source of variation Degrees of freedoma,b at the 
Meldrum site 

Degrees of freedoma,b at 
the Clusko site 

Type of effect 

Block (B) 2 3 Random 
Treatment (T) 4 4 Fixed 
B x T 8 12 Random 
Error (tree or subplot) n-15 n-20 Random 

a  The associated degrees of freedom are the maximum values assuming no mortality or missing data (n is 3 
the total number of trees or subplots). 4 
b For analyses that do not include the broadcast removal treatment, degrees of freedom for treatment (T) 5 
decrease by 1 and degrees of freedom for the other terms decrease accordingly.  6 
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Table 3. P-valuesa for tests of treatment effects on lodgepole pine growth variables and stand-1 

level (per ha) tall aspen density and basal area at the Meldrum site 2 

 Target lodgepole pine  Neigbourhood tall aspen (per ha) 
 Height Leader 

length 
GLD HDR Crown 

width 
 Density BA Height 

Year 0 0.98 0.92 0.85 0.96 0.89  0.0001 <0.0001 0.28 
Year 2 0.84 0.048 0.54 0.51 0.68  0.0008 0.0005 0.19 
Year 4 0.58 0.51 0.58 0.15 0.55  0.0011 0.0013 0.51 
Year 6 0.47 0.24 0.40 0.011 0.63  0.0039b 0.0045 0.49 
Year 8c 0.62 0.31 0.24 0.007 0.58  0.0014 0.0004 0.0008 
a Values in bold typeface are significant at p≤0.05. 3 
b Based on square root-transformed data. 4 
c Year 8 tall aspen analysis includes all treatments. Tall aspen analyses prior to year 8 exclude the broadcast 5 
removal treatment. 6 
 7 
 8 
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Table 4. P-values a for tests of treatment effects on lodgepole pine growth variables and stand-1 

level (per ha) tall aspen density and basal area at the Clusko site 2 

 Target lodgepole pine  Neigbourhood tall aspen (per ha) 
 Height Leader 

length 
GLD HDR Crown 

width 
 Density BA Height 

Year 0 0.96 0.87 0.86 0.89 0.98  <0.0001 b 0.0005 b 0.003 
Year 2 0.92 0.36 0.041 0.011 0.66  <0.0001 b 0.002 b 0.019 
Year 4 0.71 0.23 0.014 0.002 0.47  <0.0001 b 0.0005 0.0008 
a Values in bold typeface are significant at p≤0.05. 3 
b Based on square root-transformed data. 4 
c Year 4 tall aspen analysis includes all treatments. Tall aspen analyses prior to year 4 exclude the broadcast 5 
removal treatment. 6 
 7 
 8 
 9 
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Table 5. Year 8 height, leader length, GLD, HDR, and crown width responsesa of 14 year-old 1 

lodgepole pine to aspen retention treatmentsb at Meldrum (8 years after treatment). 2 

 Height 
(cm) 

Leader 
length (cm) 

GLD  
(cm) 

HDR Crown 
width (cm) 

BR 341 ± 19 52 ± 3 6.0 ± 0.4 58 ± 2 a 137 ± 10 
1000 346 ± 19 51 ± 3 5.8 ± 0.4 61 ± 2 a 142 ± 10 
2500 330 ± 19 51 ± 3 5.3 ± 0.4 63 ± 2 ab 133 ± 9 
4000 372 ± 19 52 ± 3 5.7 ± 0.4 66 ± 2 ab 140 ± 10 
UC 340 ± 19 45 ± 3 4.8 ± 0.4 72 ± 2 b 121 ± 10 
p-valuec 0.62 0.31 0.24 0.007 0.58 
a  Values are presented as mean ± 1 standard error. 3 
b BR is broadcast aspen removal; 1000, 2500, and 4000 are levels of tall aspen retention; UC is untreated 4 
control. 5 
bValues in bold typeface are significant at p≤0.05. 6 
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Table 6. Year 4 height, leader length, GLD, HDR, and crown width responsesa of 15 year-old 1 

lodgepole pine to aspen retention treatmentsb at Clusko (4 years after treatment) 2 

 Height 
(cm) 

Leader 
length (cm) 

GLD  
(cm) 

HDR Crown 
width (cm) 

BR 158 ± 8 35 ± 1 3.5 ± 0.1 a 45 ± 2 a 77 ± 4 
1000 144 ± 9 32 ± 2 2.9 ± 0.1 ab 49 ± 2 ab 77 ± 4 
2500 158 ± 9 36 ± 2 3.2 ± 0.1 ab 50 ± 2 abc 83 ± 4 
1-m 149 ± 8 33 ± 1 2.9 ± 0.1 ab 52 ± 2 bc 75 ± 4 
UC 150 ± 9 32 ± 2 2.8 ± 0.1 b 55 ± 2 c 72 ± 4 
p-valuec 0.71 0.23 0.014 0.002 0.47 
a  Values are presented as mean ± 1 standard error. 3 
b BR is broadcast aspen removal; 1000 and 2500 are levels of tall aspen retention; 1-m is aspen removal in 4 
a 1-m radius around target pine; UC is untreated control. 5 
c Values in bold typeface are significant at p≤0.05.  6 
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Table 7. Parameter estimates and R2 values for simple regression modelsa predicting lodgepole pine GLD and height from tall aspen density and the 1 

BDR, Lorimer, and Hegyi competition indices in 1.0 or 2.6 m radius neighbourhoods in 2006 at Meldrum (age 14 years; 8 years after treatment) and 2 

2005 at Clusko (age 15 years; 4 years after treatment) 3 

    1.0 m radius neighbourhood  2.6 m radius neighbourhood 
Site Pine variable Competition index nb bo b1 R2 (%)  bo b1 R2 (%) 
Meldrum GLD 2006 Tall aspen density 225 1.763 ± 0.028 -0.451 ± 0.054 20.9  1.810 ± 0.031 -0.657 ± 0.074 24.4 
  BDR 225 1.923 ± 0.033 -0.400 ± 0.033 29.6  2.166 ± 0.036 -0.517 ± 0.027 55.7 
  Lorimer 84 1.686 ± 0.048 -0.114 ± 0.020 74.9  1.759 ± 0.040 -0.031 ± 0.003 59.8 
  Hegyi 168 1.599 ± 0.046 -2.850 ± 0.629 73.6  1.741 ± 0.039 -3.295 ± 0.296 59.8 
 Height 2006 Tall aspen density 225 5.881 ± 0.030 -0.336 ± 0.053 21.4  5.933 ± 0.038 -0.566 ± 0.075 26.4 
  BDR 225 6.010 ± 0.036 -0.312 ± 0.033 25.4  6.191 ± 0.044 -0.396 ± 0.031 38.9 
  Lorimer 84 5.831 ± 0.047 -0.079 ± 0.020 68.1  5.897 ± 0.049 -0.027 ± 0.003 54.9 
  Hegyi 168 5.778 ± 0.041 -2.213 ± 0.607 68.5  5.879 ± 0.047 -2.886 ± 0.297 55.7 
Clusko GLD 2005 Tall aspen density 318 1.115 ± 0.029 -0.211 ± 0.044 6.3  1.243 ± 0.032 -0.572 ± 0.057 25.0 
  BDR 318 1.146 ± 0.031 -0.143 ± 0.022 10.0  1.517 ± 0.045 -0.295 ± 0.015 51.7 
  Lorimer 139 1.152 ± 0.043 -0.073 ± 0.013 71.2  1.251 ± 0.041 -0.027 ± 0.002 60.9 
  Hegyi 269 1.082 ± 0.038 -2.307 ± 0.490 70.2  1.199 ± 0.037 -2.819 ± 0.245 54.0 
 Height 2005 Tall aspen density 318 5.006 ± 0.031 -0.160 ± 0.045 6.2  5.126 ± 0.040 -0.507 ± 0.064 21.5 
  BDR 318 5.040 ± 0.031 -0.127 ± 0.023 10.5  5.401 ± 0.056 -0.282 ± 0.017 47.0 
  Lorimer 139 5.036 ± 0.054 -0.059 ± 0.014 66.8  5.122 ± 0.058 -0.024 ± 0.002 48.5 
  Hegyi 269 4.978 ± 0.047 -1.612 ± 0.540 64.1  5.070 ± 0.051 -2.455 ± 0.283 42.2 
a p-value for all models was <0.005. 4 
b Sample sizes for the Lorimer and Hegyi indices excluded plots with no aspen taller than the target pine.5 
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Figure 1. Mean percent survival (total bar height) and vigour (within bars) of (a) 14 year-old 4 

target lodgepole pine in aspen retention treatments at the Meldrum (IDFdk3) site (year 8), and (b) 5 

15 year-old target lodgepole pine in aspen retention treatments at the Clusko (SBPSxc) site (year 6 

4). BR is broadcast aspen removal; 1000, 2500, and 4000 are levels of tall aspen retention; 1-m is 7 

aspen removal in a 1-m radius around target pine; UC is untreated control. 8 

 9 



 

 36

a [a]

b [b]

ab [ab]

a [a]

a [a]
a [a]

b [c]

a [bc]

a [ab]

a [a]

b [c]

a [b]

a [ab]

0

3,000

6,000

9,000

12,000

15,000

BR 1000 2500 4000 UC BR 1000 2500 4000 UC BR 1000 2500 4000 UC

D
en

si
ty

 (s
te

m
s/

ha
)

0

3

6

9

B
as

al
 a

re
a 

(m
2 /h

a)

Density

Basal
area

Year 0 Year 8Year 4

(a)

 1 

a [a]

b [b]

c [c]

c [bc]

b [bc]

a [a]

c [c]

c [bc]

b [ab]

0

3,000

6,000

9,000

12,000

15,000

BR 1000 2500 1-m UC BR 1000 2500 1-m UC

D
en

si
ty

 (s
te

m
s/

ha
)

0

3

6

9

B
as

al
 a

re
a 

(m
2 /h

a)

Year 0 Year 4

(b)

 2 
Figure 2. Mean tall aspen density and basal area (a) at Meldrum immediately (year 0) 4 years, and 3 

8 years after treatment, and (b) at Clusko immediately (year 0) and 4 years after treatment. Where 4 

transformations were used, means were back-transformed from square-root values, and error bars 5 

represent 95% confidence limits rather than one standard error. Letters outside brackets relate to 6 

density and those within brackets relate to basal area. For each of these variables, means having 7 

the same letter within an individual assessment year do not differ significantly (p≤0.05) according 8 

to the Bonferroni test. BR is broadcast aspen removal; 1000, 2500, and 4000 are levels of tall 9 

aspen retention; 1-m is aspen removal in a 1-m radius around target pine; UC is untreated control. 10 
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 2 
Figure 3. A comparison of target lodgepole pine and tall aspen height between aspen retention 3 
treatments (a) at Meldrum in years 0, 4, and 8 after treatment, and (b) at Clusko in years 0 and 4 4 
after treatment. Error bars represent one standard error. Means having the same letter within 5 
individual assessment years do not differ significantly (p≤0.05) according to the Bonferroni test. 6 
BR is broadcast aspen removal; 1000, 2500, and 4000 are levels of tall aspen retention; 1-m is 7 
aspen removal in a 1-m radius around target pine; UC is untreated control. 8 
 9 
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Figure 4. Mean sucker densities at (a) Meldrum 2 and 4 years after treatment, and (b) Clusko 2 2 

years after treatment. Error bars represent one standard error for Meldrum and 95% confidence 3 

limits for Clusko. Means having the same letter within individual assessment years do not differ 4 

significantly (p≤0.05) according to the Bonferroni test (applied to square-root transformed data at 5 

Clusko). BR is broadcast aspen removal; 1000, 2500, and 4000 are levels of tall aspen retention; 6 

1-m is aspen removal in a 1-m radius around target pine; UC is untreated control. 7 
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