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                       Introduction 

 Conservation of primary/old-growth forests has 
reached a critical threshold in all forested land-

scapes on earth. In the temperate zones, only 
Canada and Russia still harbour great tracts of 
true forest wilderness. Unfortunately, the world 
human populations ’  demand for wood products, 
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 Summary 

  This study was designed to test the hypothesis that large-scale pre-commercial thinning (PCT) to 
various stand densities, at ages 12 – 14 years, combined with repeated fertilization, would, over a 
10-year treatment period, enhance productivity of lodgepole pine ( Pinus contorta  Dougl. ex Loud. 
var.  latifolia  Engelm.) crop trees. Study areas were located near Summerland, Kelowna and Williams 
Lake in south-central British Columbia, Canada. Each study area had nine treatments: four pairs of 
stands thinned to densities of  ~ 250 (very low),  ~ 500 (low),  ~ 1000 (medium) and  ~ 2000 (high) stems 
ha  − 1 , with one stand of each pair fertilized fi ve times at 2-year intervals, and an unthinned stand. 
The very low, low- and medium-density stands were also pruned to a 3-m lift 5 years after thinning. 
At the tree level, fertilization treatments signifi cantly increased diameter at breast height (DBH), 
basal area (BA) and volume growth and heavy PCT signifi cantly increased DBH and BA growth. 
Pruning may mitigate some of the negative stem form and wood quality attributes associated with 
fast-growing trees without adversely affecting stem growth. At the stand level, PCT to very low and 
low densities signifi cantly decreased the volume growth compared with high-density stands. The 
potential benefi cial impacts that PCT and repeated fertilization treatments have for mitigating timber 
supply shortfalls, as well as potentially minimizing crop tree losses due to mountain pine beetle 
( Dendroctonus ponderosae  Hopk.), are also discussed.   
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and hence harvesting of remaining old-growth 
forests, continue to increase ( Brooks, 1997 ; 
 Sutton, 1999 ). Intensively managed forests, in as-
sociation with appropriate land zonation, could 
help alleviate the pressure on old-growth forests, 
as promoted by the enlightened vanguard of the 
environmental movement ( Alverson  et al. , 1994 ; 
 Sedjo and Botkin, 1997 ) and scientists alike ( Carey 
 et al. , 1999 ;  Hunter, 1999 ). Intensively managed 
forest stands may produce three to seven times 
the usable wood per hectare produced by unman-
aged stands ( Farnum  et al. , 1983 ;  Sedjo, 1999 ; 
 Jokela  et al. , 2004 ), but this production poten-
tial varies greatly among forest types around the 
world ( Sedjo  et al. , 1998 ). 

 Of all tree species in the inland areas of the 
Pacifi c Northwest of North America, lodge-
pole pine ( Pinus contorta  Dougl. ex Loud. var. 
 latifolia  Engelm.) likely has the greatest potential 
to respond favourably to silvicultural treatments 
such as thinning and fertilization. The species 
often regenerates over-abundantly, resulting in 
excessive stand densities and reduced stand and 
tree growth. By concentrating growth on a smaller 
number of stems, pre-commercial thinning (PCT) 
offers the forest manager some control over 
the rotation, yield and value of the future crop 
( Johnstone, 1985 ;  Cole and Koch, 1996 ). Extensive 
lodgepole pine forests are usually perpetuated 
through repeated fi re disturbance, and therefore 
often occupy sites of low-N status ( Brockley 
 et al. , 1992 ). Not surprisingly, this species responds 
well to conventional, single-application fertiliza-
tion with nitrogen alone and in combination 
with other elements (Weetman, 1988;  Brockley, 
1996 ). Although a single fertilizer application 
typically produces only a temporary increase in 
growth, sustained growth responses to repeated 
fertilization have been demonstrated in fi eld 
experiments with lodgepole pine ( Kishchuk  et al. , 
2002 ;  Brockley, 2005 ) and other  Pinus  species 
( Malkonen and Kukkola, 1991 ;  Tamm  et al. , 
1999 ;  Albaugh  et al. , 2004 ;  Sword Sayer  et al. , 
2004 ). Many of these fi eld studies have been 
designed to approximate the concept of  ‘ steady-
state ’  nutrition, whereby small, balanced sup-
plies of nutrients in solution are provided at rates 
consistent with estimated demand ( Linder, 1987 ; 
 Raison and Myers, 1992 ). 

 The so-called  ‘ optimum nutrition ’  fi eld experi-
ments, such as the study reported herein, are less 

tightly controlled than steady-state studies, with 
nutrients applied less frequently, usually in solid 
form and in larger amounts per application. 
Foliar nutrient levels are monitored so that the 
rates and frequency of nutrient additions can 
be adjusted to maintain elevated foliar nutrient 
levels over a prolonged period. Because thinning 
and repeated fertilization treatments are applied 
over the whole ecosystem, they have the poten-
tial to signifi cantly increase stand-level wood 
production. 

 This study was designed to test the hypothesis 
that large-scale stand PCT and repeated fertiliza-
tion would enhance the tree- and stand-level pro-
ductivity of lodgepole pine crop trees (dominant 
trees destined for harvest).  

  Materials and methods 

  Study areas 

 Three study areas were chosen on the basis of 
having candidate stands of young lodgepole pine 
that had relatively uniform tree cover, compara-
ble diameter, height and density of trees prior to 
stand treatments. Location, proximity (boundar-
ies) and size of candidate stands were determined 
by a balance between adequate interspersion of 
experimental units ( Hurlbert, 1984 ) and the lo-
gistics and access for conducting the operational-
scale treatments of PCT and fertilization. 

 The Summerland study area was located in the 
Bald Range 25 km west of Summerland in south-
central British Columbia (BC), Canada (49°40 ′ N; 
119°53 ′ W). This area is within the Montane 
Spruce (MS dm ) biogeoclimatic zone ( Meidinger 
and Pojar, 1991 ) at an elevation range of 
1450 – 1520 m with gently rolling topography and 
sandy loam soil. The MS has a cool, continental 
climate with cold winters and moderately short, 
warm summers. Mean annual temperature is 
0.5 – 4.7°C and precipitation ranges from 380 to 
900 mm. The MS landscape has extensive, young 
and maturing seral stages of lodgepole pine, which 
have regenerated after wildfi re. Hybrid interior 
spruce ( Picea engelmannii  ×  Picea glauca  (Mo-
ench) Voss) and subalpine fi r ( Abies lasiocarpa  
(Hook.) Nutt.) are the dominant shade-tolerant 
climax trees. Douglas-fi r ( Pseudotsuga menziesii  
(Mirbel) Franco. var  glauca  (Beissn.) Franco) is an 
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important seral species in the zonal ecosystems 
and is a climax species on warm south-facing 
slopes in the driest ecosystems. Trembling aspen 
( Populus tremuloides  Michx.) is a common 
seral species and black cottonwood ( Populus 
trichocarpa  T. & G.) occurs on some moist sites 
( Meidinger and Pojar, 1991 ). 

 Clear-cut harvesting of lodgepole pine with 
some uniform and group seed-tree reserves of 
Douglas-fi r began in this area in 1978 in response 
to an outbreak of mountain pine beetle. Depend-
ing on the original composition of the harvested 
stands and the degree of windthrow after harvest-
ing, the number of residual Douglas-fi r ranged 
from none to one or two trees per hectare in our 
candidate stands. Lodgepole pine regenerated 
naturally after harvesting and was the dominant 
tree species in these young stands. Three har-
vested units with pre-thinning stand densities 
ranging from 9980 to 11   150 stems ha  − 1  were di-
vided into eight treatment stands and one control 
stand, as per the experimental design ( Table 1 ). 
Minor components of the stands included Doug-
las-fi r, interior spruce, subalpine fi r, Ponderosa 
pine ( Pinus ponderosa  Laws.), willow ( Salix  
spp.), Sitka alder ( Alnus sinuata  (Regel) Rydb.) 
and trembling aspen.     

 At the start of the study (1993), diameter at 
breast height (DBH, 1.3 m above the forest fl oor) 
ranged from 2.2   ±   0.1 cm (mean   ±   SE) to 4.1   ±   0.1 
cm with a mean age of 12  – 14 years. Stand height 
ranged from 2.3   ±   0.1 m to 3.4   ±   0.1 m ( Figure 1 ). 
Area of stands ranged from 4.4 to 11.3 ha. The 
unit with stands A and B was 1.2 km from the 
unit containing stands C and D; this latter unit 
was 0.6 km from the unit containing E, F, G and 
H. Stand I was 0.2 km from this last unit. Within 
units, stands were contiguous on one side only.     

 The Kelowna study area was located 37 km 
northwest of Kelowna, BC (50°04 ′ N; 119°34 ′ W) 
in the MS dm  biogeoclimatic sub-zone. Topogra-
phy of this area is also gently rolling to fl at with 
sandy loam soil at 1220- to 1240-m elevation. 
This area was clear-cut harvested in 1979 – 1980 
and also regenerated naturally to lodgepole pine 
with the other coniferous species, including 
western larch ( Larix occidentalis  Nutt.), as minor 
components. One large unit (84.8 ha) with a pre-
thinning density of 8686 stems ha  − 1  was shaped 
in a horseshoe with an unharvested riparian buf-
fer zone separating the two arms. This riparian 
zone had a steep ravine and varied in width from 
75 to 300 m. The overall unit was separated into 
eight treatment stands as per the experimental 
design ( Table 1 ). An additional unit (12.6 ha) 
0.5 km away was used as the unthinned stand. 

 In 1993, the mean stand diameter and height 
ranged from 3.1   ±   0.1 cm to 4.7   ±   0.1 cm and 
3.0   ±   0.1 m to 4.1   ±   0.1 m, respectively, with a 
mean stand age of 12 – 13 years ( Figure 2 ). Area 
of stands ranged from 9.5 to 12.6 ha.     

 The Cariboo study area was located in the 
Alex Fraser Research Forest (University of British 
Columbia), 75 km northeast of Williams Lake, 
BC (52°29 ′ N; 121°45 ′ W) in the sub-boreal spruce 
(SBS dm ) biogeoclimatic zone ( Meidinger and 
Pojar, 1991 ). The general topography is gently 
rolling to fl at at 850 – 870 m elevation. In mature 
stands, hybrid interior spruce, subalpine fi r and 
some Douglas-fi r are mixed with extensive stands 
of lodgepole pine, which regenerated after wild-
fi res. This unit covered 80 ha and was clear-cut 
harvested in 1976 followed by some natural re-
generation and some planting of lodgepole pine 
in 1983. Pre-thinning stand density was 3333 
stems ha  − 1 . Eight treatment stands were located 

 Table 1  :    Allocation of thinning, pruning and fertilization treatments as per the experimental design  

  
Thinned and pruned to a 3-m lift

Thinned not 
pruned Unthinned  

  Target density 
 (stems ha  − 1 )

250 500 1000 2000 >3000 

 Unfertilized  A  (11.3, 10.0, 1.5)  C  (7.6, 11.0, 4.5)  E  (4.5, 9.5, 3.2)  G  (4.4, 11.9, 4.3)  I  (5.0, 12.6, 3.3) 
 Fertilized  B  (11.3, 10.0, 1.5)  D  (7.6, 11.0, 4.5)  F  (4.5, 9.5, 3.2)  H  (4.4, 11.9, 4.3)   

  Bold letters indicate stand identifi cation and numbers within brackets indicate stand areas (hectares) within the 
Summerland, Kelowna and Cariboo replicates, respectively.   
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  Figure 1   .    Mean DBH and top height of trees (sample size indicated within columns) within the nine treat-
ment stands at the Summerland study area. Stands were measured at 5-year intervals over 10 years. Num-
bers along the  x -axis represent target stand density (stems ha  − 1 ) and F = fertilized. Error bars represent 95 
per cent confi dence intervals.    
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  Figure 2   .    Mean DBH and top height of trees (sample size indicated within columns) within the nine treat-
ment stands at the Kelowna study area. Stands were measured at 5-year intervals over 10 years. Numbers 
along the  x -axis represent target stand density (stems ha  − 1 ) and F = fertilized. Error bars represent 95 per 
cent confi dence intervals.    
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on this unit. Paired stands were contiguous on 
one side only. A ninth treatment stand acted as 
the unthinned stand, as per the experimental de-
sign ( Table 1 ). 

 In 1993, the mean stand diameter and height 
ranged from 4.4   ±   0.2 cm to 7.2   ±   0.3 cm and 
3.4   ±   0.1 m to 5.4   ±   0.2 m, respectively ( Figure 3 ), 
with a mean stand age of 13 years. Area of stands 
ranged from 1.5 to 4.5 ha. These stands were 
separated by 0.2 – 0.5 km.      

  Experimental design 

 The three study areas acted as regional replicates 
(blocks). Within each replicate, there were fi ve 
experimental sites that had lodgepole pine stands 
PCT in the following randomized block design: 
(1) very low density, target 250 stems ha  − 1 ; (2) 
low density, target 500 stems ha  − 1 ; (3) medium 
density, target 1000 stems ha  − 1 ; (4) high density, 
target 2000 stems ha  − 1  and (5) unthinned, >3000 
stems ha  − 1 . Fertilization treatments were applied 
to one-half of each of the thinned stands, result-
ing in a total of nine experimental units per rep-
licate as follows: stand A, 250 stems ha  − 1 ; stand 

B, 250 stems ha  − 1  with fertilization; stand C, 500 
stems ha  − 1 ; stand D, 500 stems ha  − 1  with fertil-
ization; stand E, 1000 stems ha  − 1 ; stand F, 1000 
stems ha  − 1  with fertilization; stand G, 2000 stems 
ha  − 1 ; stand H, 2000 stems ha  − 1  with fertilization 
and stand I, unthinned >3000 stems ha  − 1  ( Table 1 ). 
The restriction on randomization for the alloca-
tion of fertilizer treatment resulted in an overall 
split-plot design, with density as the main-plot 
and fertilization as the split-plot. A fertilized un-
thinned experimental unit was not included in this 
design as this treatment combination would not 
be part of any management prescription. Pruning 
(3-m lift) was carried out within all stands with 
densities <2000 stems ha  − 1  in 1998, 5 years after 
PCT ( Table 1 ).  

  Stand density 

 The initial treatment was PCT of young stands of 
pine at an appropriate time to maximize growth 
response potential before they experience severe 
growth repression. Thinning, using chainsaws, 
was carried out at all study areas in the late sum-
mer – early fall of 1993, at which time stands were 
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  Figure 3   .    Mean DBH and top height of trees (sample size indicated within columns) within the nine treat-
ment stands at the Cariboo study area. Stands were measured at 5-year intervals over 10 years. Numbers 
along the  x -axis represent target stand density (stems ha  − 1 ) and F = fertilized. Error bars represent 95 per 
cent confi dence intervals.    
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12 – 14 years old. All thinned material (slash) was 
maintained on site. To provide reasonably rigor-
ous measurements of the various response vari-
ables, treatments were applied at a spatial scale 
large enough to be comparable to real-world 
operational installations. The usual prescription 
(>90 per cent of stands) for PCT of lodgepole 
pine in BC is 1600 – 2000 stems ha  − 1 , with varia-
tions from this range tending to be higher rather 
than lower density. The broad range of densities 
applied during this study (250 – 2000 stems ha  − 1 ) 
was clearly testing extremes beyond standard 
operational prescriptions and was deemed nec-
essary to cause measurable changes in attributes 
of crop tree productivity, as well as measures of 
understorey vegetation, stand structural diversity 
and wildlife diversity. The effects of PCT and re-
peated fertilization on these non-timber attributes 
are the focus of several concurrent studies. The 
rationale for PCT to densities below full-stocking 
(e.g. 250 and 500 stems ha  − 1 ) may be questioned 
in terms of stand-level wood production, as 
heavy thinnings would likely result in reduced 
timber yields ( Farnden, 1996 ). Regardless of the 
current value-based objectives for maintaining 
fully stocked stands, understanding the response 
of lodgepole pine to heavy thinnings should be 
viewed as important and relevant to future for-
est practices for several reasons. For example, the 
application of heavy thinnings within pine forests 
is likely to become increasingly common in order 
to meet both timber (e.g. accelerated growth rates 
for addressing timber supply shortfalls) and non-
timber objectives.  

  Fertilization 

 The fertilization treatments were designed as 
large-scale applications of the previously estab-
lished  ‘ optimum nutrition ’  fertilization fi eld ex-
periments in Sweden ( Tamm  et al. , 1999 ) and BC 
( Kishchuk et al., 2002 ;  Brockley, 2007 ). Our aim 
was to maintain elevated foliar N levels ( ~ 1.3 per 
cent), with levels of all other nutrients in propor-
tional balance with N ( Linder, 1995 ). 

 Fertilization treatments were initiated in No-
vember 1994 using a blended fertilizer formu-
lated to provide 100 kg ha  − 1  nitrogen (100 N) 
(urea), 100 kg ha  − 1  phosphorus (100 P), 100 
kg ha  − 1  potassium (100 K), 50 kg ha  − 1  sulphur 

(50 S), 25 kg ha  − 1  magnesium (25 Mg) and 1.5 kg 
ha  − 1  boron (1.5 B). The blended product (11-25-
13-5.5S-2.7Mg-0.17B) was applied at a rate of 
906 kg ha  − 1  to each of the four treatment stands 
(B, D, F and H) at all three study areas. Fertilizer 
was applied by helicopter at the Summerland and 
Kelowna study areas, whereas the fertilizer at the 
Cariboo study area was spread by hand because 
of the relatively small size of the experimental 
units. Fertilization of the Cariboo site was com-
pleted prior to initiation of tree growth in April 
1995. 

 During the fall of 1995 (1 year following initial 
fertilization), replicated samples of current year’s 
foliage were collected from all stands. Foliar 
sampling was carried out to monitor the nutrient 
status of the crop trees and to develop appropri-
ate multi-nutrient formulations for subsequent 
fertilizer applications. Foliage was collected from 
10 representative healthy dominant or co-domi-
nant trees evenly distributed within each stand. 
Samples were collected from the lower por-
tion of the top third of the live crown, consis-
tent with standardized foliar sampling guidelines 
( Brockley, 2001 ). Foliar sampling was repeated 
each year, during late September or October, for the 
duration of the study. Individual foliage samples 
were frozen following fi eld collection, and then 
dried in a forced-air oven at 70°C for 20 h before 
analysis. Two composite samples per stand, each 
sample consisting of equal amounts of foliage 
from fi ve of the trees, were prepared for chemical 
analysis. Dried composite samples were ground 
in an electric coffee grinder and sent to a com-
mercial laboratory for nutrient analysis. 

 Composite samples for all years were digested 
using a variation of the sulphuric acid  –  hydro-
gen peroxide procedure described by  Parkinson 
and Allen (1975) . The digests were analysed 
colorimetrically for N on a Technicon Autoana-
lyzer. A spectrophotometer measured P, using a 
procedure based on the reduction of the ammo-
nium molybdiphosphate complex by ascorbic acid 
( Watanabe and Olson, 1965 ). Total K, Ca, Mg 
and Mn were determined by atomic absorption 
spectrophotometry. Total S was determined by 
combustion using a LECO sulphur analyzer. 
Separate sub-samples were dry-ashed, and Cu, 
Zn and Fe concentrations were determined by 
atomic absorption spectrophotometry. After dry-
ashing, B was determined colorimetrically using 
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the azomethine-H method described by  Gaines 
and Mitchell (1979) . 

 Findings from foliar analyses were used to de-
velop appropriate blends and application rates 
for subsequent treatments. In May of 1997, two 
growing seasons after initial application, stands 
were re-fertilized with a N   +   S blended fertilizer 
(36-0-0-9S) at an application rate of 547 kg ha  − 1  
(200 N and 50 S). In October of 1998, two grow-
ing seasons after the second application, stands 
were re-fertilized with a blended product (37-0-
0-6.1S-0.7B) at an application rate of 404 kg ha  − 1  
(150 N, 25 S and 3 B). During the fall of 2000, 
two growing seasons after the third application, 
stands were re-fertilized with a blended product 
(31.1-0-0-11.3S) at an application rate of 439.4 
kg ha  − 1  (150 N and 50 S). And fi nally, during 
the spring of 2003, two growing seasons after the 
fourth application, stands were re-fertilized with 
a blended product (44.6-0-0-0.45B) at an appli-
cation rate of 336.1 kg ha  − 1  (150 N and 1.5 B). 

 Application methods described for the initial 
fertilization treatment (i.e. aerial  vs  manual) re-
mained constant for the duration of this study.  

  Pruning 

 Pruning of lodgepole pine and Douglas-fi r crop 
trees, to a height of  ~ 3.0 m, in stands thinned to 
<2000 stems ha  − 1  (stands A, B, C, D, E and F) 
was conducted in September to December 1998, 
5 years after PCT. All pruning was carried out 
using manual pruning saws.  

  Tree measurements 

 All sampling of lodgepole pine crop trees was 
done with variable-radius plots to accommodate 
variations in stand density. Sampling plots were 
located every 50 m along compass lines (50 m 
apart) that systematically covered each stand. 
Sample plots (range of 11 – 29) were established 
in each of the nine stands at a given study area. 
The 10 crop trees closest to each plot centre 
were permanently tagged, resulting in a sample 
of 110 – 290 trees per stand. This variability in 
the number of sample plots and trees per stand 
was the result of changed boundaries between 
fertilized and unfertilized stands. Changes to the 

original stand boundaries were deemed necessary 
for logistical reasons during the initial aerial ap-
plication of fertilizer in 1994. The small size of 
the low-density stands (A and B) at the Cariboo 
study area ( Table 1 ) resulted in only seven plots 
(70 trees) being sampled within each of these two 
stands. Within the unthinned stands, the 10 po-
tential crop trees closest to each plot centre were 
sampled. Potential crop trees were chosen on 
the basis that these trees would have been left as 
the future crop if the stands were to be thinned 
(i.e. suppressed trees were avoided). The initial sam-
pling was carried out immediately after thinning 
in the fall of 1993 and top height (m) and DBH 
(cm) were measured at a permanent reference 
point. Subsequent samples were carried out 5 and 
10 years after thinning during the fall of 1998 
and 2003. In addition to top height and DBH, 
the 1998 and 2003 samples also measured crown 
attributes including base of live crown height 
(m), widest crown height (m) and widest crown 
diameter (m). Diameter of widest crown was de-
termined by standing directly below the widest 
part of the crown and measuring the horizontal 
distance from stem to drip-line created by the 
longest branch (measured to the nearest 0.1 m 
with a measuring tape) and multiplying this ra-
dius by two. The 1998 sample was completed im-
mediately prior to pruning. Crown measurements 
were made within one-half of the tree plots. 

 Initial tree height measurements (1993) were 
made using a telescopic height pole, which mea-
sured top height to the nearest 0.01 m. During 
the 1998 and 2003 re-measurements, tree heights 
were measured to the nearest 0.1 m with a digi-
tal hypsometer (Forestor Vertex). Trees that were 
noted as having died, or that had suffered severe 
snowpress or a broken top at any point during 
this study, were omitted from any subsequent 
analyses.  

  Stem growth 

 At the tree level, growth response of the stem to 
thinning and fertilizer treatments was described 
by 10-year increments (1993 – 2003) of top height, 
DBH, basal area (BA) and volume. Tree volume 
was calculated as

   fd1     V    =     a    1     +     a    2      D    2     H    ,  (1)  
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  Figure 5   .    Adjusted mean ( n    =   3 replicate sites) 10-year increment per hectare for (a) BA and (b) volume 
within each of the nine treatment stands. Error bars indicate 95 per cent confi dence intervals.    

  where  V  is gross total inside bark volume (m 3 ), 
 D  is DBH (m) and  H  is top height of tree (m). 
The two constants,  a  1  and  a  2 , varied depending 
on the study area and range of DBH and tree 
heights observed within a given sample period. 
All pre-treatment tree volumes were estimated 
using  a  1  and  a  2  values of 1254 and 0.349, re-
spectively. Post-treatment volumes for both the 
Summerland and Kelowna study areas were esti-
mated using  a  1  and  a  2  values of 4186 and 0.340, 
respectively. Post-treatment volumes for the 
Cariboo study area were estimated using  a  1  and 
 a  2  values of 5482 and 0.353, respectively. Equa-
tions were developed as described by  Brockley 
and Simpson (2004)  for similar-aged and simi-
lar-sized lodgepole trees at research installations 
near our study areas (R. Brockley, unpublished 
data). 

 At the stand level, BA per hectare and volume 
per hectare were estimated by multiplying the 
mean tree values by an estimate of stand density 
(stems per hectare) for each stand. Initial stand 
density was determined immediately following 
PCT in 1993. Subsequent stand densities were 

estimated based on the observed percentage 
of dead or severely snowpressed trees among 
the permanently tagged crop trees during the 
1998 and 2003 samples. This estimate of mortality 
was used to adjust the initial stand density by 
a percentage that was assumed to be propor-
tional to the mortality experienced throughout a 
given stand. As a result, stand-level estimates of 
BA/hectare and volume/hectare within thinned 
stands apply only to the residual cohort of domi-
nant and co-dominant lodgepole pine trees selected 
during thinning and, therefore, do not account for 
any ingress that had occurred over the course of this 
10-year study. 

 Stand density estimates for the unthinned 
stands included trees of all sizes; however, only 
dominant and co-dominant trees were measured 
for stem growth. As a result, BA/hectare and vol-
ume/hectare will be overestimated for unthinned 
stands and are, therefore, provided for visual 
comparison only with thinned stands ( Figure 5 ). 
Statistical comparisons of stem growth do not 
include the unthinned treatment (see Statistical 
Analysis section below).     
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 Changes in growth rate over time were de-
scribed by comparing the growth observed dur-
ing the fi rst 5 years with that of the fi nal 5 years. 
The initial periodic increment (1993 – 1998) was 
subtracted from the later periodic increment 
(1998 – 2003) such that a positive result would 
indicate the amount by which the growth rate 
had accelerated during the fi nal 5 years, whereas 
a negative result would indicate the amount by 
which the growth had decreased.  

  Crown architecture 

 The response of crown architecture to thinning 
and fertilizer treatments was described by mea-
sures of crown area, volume, length and live 
crown ratio (LCR) as well as the changes in these 
attributes during the last 5 years (1998 – 2003). 
Crown area represented the widest horizontal 
cross-section of a crown, and was calculated 
using the widest crown diameter measurement. 
Crown volume was calculated using a simple 
cone volume equation and was based on the as-
sumption that crown volume of lodgepole pine 
trees can be represented by two cones; the upper 
portion above the widest crown (a long upright 
cone) and the lower portion below the widest 
crown (a shorter inverted cone) (Sullivan  et al. , 

2001). Crown length was the total vertical length 
of live crown and was calculated by subtracting 
the base of live crown height from top height. 
LCR was the proportion of tree height covered 
by live crown and was calculated as top height 
divided by crown length. 

 Crown measurements were made immediately 
prior to pruning in 1998. Crown architecture 
immediately following pruning (1998) was es-
timated based on the assumption that the new 
base of live crown height created by pruning was 
equal to the base of live crown height observed 
in 2003 (see  Figure 6 ). These estimates of post-
pruning crown architecture should be reasonably 
accurate because lodgepole pine does not regrow 
lower branches via epicormic branching ( Ballard 
and Long, 1988 ) and pruned stands had yet to 
experience any self-pruning as of 2003. Crown 
development during the fi nal 5 years was calcu-
lating by subtracting the 1998 post-pruning esti-
mates from the 2003 measured attributes.      

  Statistical analysis 

 Because the experimental design of this study 
restricted the randomness of fertilizer treat-
ment allocation (i.e. applied to one-half of each 
of the thinned stands), a split-plot analysis of 

  

  Figure 6   .    Mean ( n    =   3 replicate sites) crown confi guration of trees within each of the nine treatment stands 
during 1998 (pre- and post-pruning) and 2003.    
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variance (ANOVA) was used to compare treat-
ment means. The density and fertilizer treatments 
were assigned as the main- and split-plots, respec-
tively. The three regional replicates functioned as 
blocks and were assigned as a random factor. Be-
cause tree growth response increases with initial 
tree size ( Johnstone, 1985 ), analysis of covariance 
(ANCOVA) was used to adjust the treatment 
means by accounting for differences in tree sizes 
observed at the beginning of the study (i.e. co-
variate = initial tree size). Therefore, a split-plot 
ANCOVA was used to compare adjusted treat-
ment means for all stem growth rates. 

 Before the ANCOVA-adjusted means could be 
used, the homogeneity of regression coeffi cients as-
sumption had to be tested. Testing this assumption 
was carried out using the same blocked, split-plot 
ANCOVA design described above. A signifi cant 
covariate × density × fertilizer interaction would 
indicate that the assumption had been violated 
and would have precluded any further analyses 
using ANCOVA. When this occurred, separate 
regression equations were generated for each ex-
perimental unit (independent factor regressed on 
the covariate) and used to adjust growth rates for 
each individual tree. These adjusted values were 
then analysed using a blocked, split-plot ANOVA. 
Treatment effects on crown architecture were also 
analysed with a blocked, split-plot ANOVA. 

 The unthinned and fertilized treatment combi-
nation was not included within our experimental 
design due to the well-documented lack of op-
erational feasibility of such a treatment ( Groot 
 et al. , 1984 ;  Yang, 1998 ;  Valinger  et al. , 2000 ). 
Therefore, unthinned stands are included within 
fi gures simply as a visual comparison of managed 
 vs  unmanaged stand attributes. To maintain the 
power and sensitivity of a balanced design, the 
unthinned level of the density factor was omit-
ted from all statistical analyses. Duncan’s mul-
tiple range test was used to compare mean values 
based on ANOVA results. In all analyses, the 
level of signifi cance was at least  P    =   0.05.   

  Results 

  Foliar analysis 

 Foliar N was strongly affected by fertilizer N ad-
ditions at all three study areas. Foliar levels in 

fertilized stands remained higher than in unfertil-
ized stands throughout the 10-year study period. 
Foliar levels peaked in the year following each re-
fertilization. Averaged across all sites and years, 
residual stand density had little effect on foliar N 
levels and there was no overall density × fertilizer 
interaction. 

 Periodic S and B additions had a strong posi-
tive effect on foliar S and B levels at all study 
sites. Foliar S and B levels were largely unaffected 
by residual stand density. Overall, foliar levels of 
other nutrients were largely unaffected by fertil-
ization or stand density. 

 Foliar N/S ratios were largely unaffected by 
repeated fertilization with N and S. Foliar N/S 
levels were not affected by stand density. Con-
versely, foliar N/K and N/P ratios were increased 
by fertilization at all sites. Averaged across all 
years and sites, foliar N/Mg ratio was affected 
by both fertilization and stand density. However, 
the effects of fertilization on foliar N/Mg ratio 
varied differentially with residual stand density at 
two study areas.  

  Stem growth 

 Mean 10-year height increments appeared to be 
less in fertilized stands than in unfertilized stands 
( Figure 4a ); however, neither density nor fertil-
izer treatment had any signifi cant effect on tree 
height growth ( Table 2 ). Rate of height growth 
decreased during the last 5 years; however, this 
decrease was unaffected by treatments ( Table 3 ). 
Mean 10-year DBH increment was signifi cantly 
affected by stand density ( F  3,5    =   6.00;  P    =   0.04) 
and fertilizer treatments ( F  1,7    =   42.45;  P    <   0.01). 
Crop trees grew signifi cantly faster in diameter in 
the very low than high-density stands and in the 
fertilized than unfertilized stands ( Table 2  and 
 Figure 4b ). Rate of diameter growth was observed to 
decrease slightly during the last 5 years; however, 
this decrease was unaffected by treatments ( Table 3 ). 
Mean 10-year BA/tree increment was signifi -
cantly affected by both stand density ( F  3,5    =   5.89; 
 P    =   0.04) and fertilizer treatments ( F  1,7    =   33.20; 
 P    <   0.01) ( Figure 4c ). Mean 10-year BA/tree incre-
ment was signifi cantly enhanced by fertilization 
treatments and increased with decreasing stand 
density with the very low density stands experi-
encing signifi cantly greater BA growth than both 
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the medium- and high-density stands ( Table 2 ). 
Rate of BA/tree increment appeared to increase 
with time and, although greater within the very 
low density and fertilized stands, was statistically 
similar among all stands ( Table 3 ). Mean 10-year 
tree volume increment appeared to be enhanced 
by thinning treatments ( Figure 4d ); however, 
increments were statistically similar ( F  3,5    =   3.64; 
 P    =   0.10) among stand densities ( Table 2 ). Tree 
volume was signifi cantly ( F  1,7    =   11.44;  P    =   0.01) 
greater in the fertilized stands compared with the 
unfertilized stands ( Table 2 ). Rate of tree volume 
increment appeared to increase with time and, 
while thinning and fertilization tended to acceler-
ate volume growth, rate of increase was statisti-
cally similar among all stands ( Table 3 ).             

 Mean 10-year stand BA (BA/hectare) increment 
increased with increasing stand density ( Figure 5a ); 
however, differences were not statistically sig-
nifi cant ( F  3,5    =   4.26;  P    =   0.08) ( Table 4 ). Fertilizer 
treatments, however, signifi cantly ( F  1,7    =   30.40; 
 P    <   0.01) increased stand BA increment compared 
with unfertilized stands ( Table 4 ). Rate of stand 
BA increment was maintained throughout this 
10-year study ( Table 5 ). Mean 10-year stand vol-
ume (volume/hectare) increment was signifi cantly 
( F  3,5    =   13.40;  P    <   0.01) affected by stand density 
treatments ( Table 4  and  Figure 5b ). Stand volume 
increment in high-density stands was signifi cantly 
greater than in the lower density stands ( Table 4 ). 
Fertilizer treatments appeared to enhance stand 
volume increment ( Figure 5b ); however, differ-
ences were not formally signifi cant ( F  1,7    =   5.18; 
 P    =   0.06) ( Table 4 ). Rate of stand volume incre-
ment increased with time and fertilized stands 
experienced a signifi cantly ( F  1,7    =   19.76;  P    <   0.01) 
accelerated rate of volume increment compared 
with the unfertilized stands ( Table 5 ).          

  Crown architecture 

 In 1998, before pruning (5 years after thinning 
and after two fertilizer applications), crowns 
tended to be larger in the low-  vs  high-density 
stands and fertilized  vs  unfertilized stands; how-
ever, differences were not statistically signifi cant 
( Table 6 ). Averaged over the six pruned stands, 
pruning removed  ~ 41 per cent of the crown length 
(5.4 – 3.2 m) and 63 per cent of the crown vol-
ume (11.7 – 4.3 m 3 ) and decreased the crown area 

by 44 per cent (5.9 – 3.3 m 2 ) and LCR by 43 per 
cent (0.90 – 0.51) ( Figure 6 ). Immediately follow-
ing pruning, trees growing in the pruned densities 
(250, 500 and 1000 stems ha  − 1 ) had signifi cantly 
smaller crown length ( F  3,6    =   27.21;  P    <   0.01), 
area ( F  3,6    =   14.92;  P    <   0.01), volume ( F  3,6    =   16.93; 
 P    <   0.01) and LCR ( F  3,6    =   25.25;  P    <   0.01) than 
trees growing in the 2000 stems ha  − 1  stands, 
which had not been pruned. In 2003 (10 years 
after thinning, 5 years after pruning and after fi ve 
fertilizer applications), all but one of the crown 
architecture attributes were similar among den-
sity and fertilizer treatments. Mean crown area 
was signifi cantly ( F  1,8    =   12.85;  P    <   0.01) greater 
for trees growing in the fertilized than unfertil-
ized stands ( Table 6 ).     

 During the post-pruning period of 1998 – 2003, 
tree crowns continued to get larger in all stands 
( Figure 6 ). However, rate of change for various 
crown architecture attributes was signifi cantly 
different among stand density and fertilization 
treatments. Trees growing with the pruned densi-
ties experienced the most rapid increase in crown 
length, area, volume and LCR compared with 
the unpruned 2000 stems ha  − 1 ; however, only 
crown length and LCR were signifi cantly differ-
ent ( F  3,6    =   6.33;  P    =   0.03 and  F  3,6    =   48.52;  P    <   0.01, 
respectively) ( Table 7 ). Rate of change was signifi -
cantly greater for trees growing in fertilized stands 
compared with unfertilized stands with regards to 
both crown area ( F  1,8    =   17.99;  P    <   0.01) and crown 
volume ( F  1,8    =   8.12;  P    =   0.02) ( Table 7 ).       

  Discussion 

 In the southern US, loblolly pine ( Pinus taeda  
L.) is one of the most important commercial spe-
cies ( Jokela  et al. , 2004 ). Intensive management 
of loblolly pine has been well studied and has 
clearly demonstrated the increased production 
and economic benefi ts made possible by manipu-
lating resource availability (e.g.  Albaugh  et al. , 
2004 ;  Sword Sayer  et al. , 2004 ). As a result, in-
cremental silvicultural practices such as PCT and 
fertilization have become the norm for manage-
ment of this species throughout the southeastern 
US ( Albaugh  et al. , 2004 ). Our study is the fi rst 
large-scale evaluation of the infl uence of the sil-
vicultural practices of PCT and fertilization on 
growth of lodgepole pine in North America. It 
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represents an extensive effort that sampled >5000 
permanently tagged trees three times at 5-year 
intervals and incorporated operational-sized 
experimental units that totalled a combined area 
of 188 ha, of which 167 ha were thinned and 
126 ha were pruned. In addition, during this 10-year 
study, ca. 63   000 kg of N were applied to 84 ha 
(a total of 750 kgN ha  − 1 ). These stands are the 
most intensively managed young forests in BC, 
and likely in all of Canada. 

  Experimental design 

 Because of the wide geographical area covered by 
our replicated installations, the scope of inferences 
from this study may be extrapolated to lodgepole 
pine stands and habitats throughout the southern 
interior of BC. These inferences refl ect responses 
in crop tree productivity. The size of our ex-
perimental units ranged from 4.4 to 12.6 ha at 
Summerland and Kelowna, which were within the 
range of typical forestry operations. Experimen-
tal units at the Cariboo study area ranged from 
1.5 to 4.5 ha and we acknowledge the relatively 
smaller size of these units. However, it was un-
likely that the size of these units had any effect on 
measurements of crop tree growth. At each of the 
three study areas, either the large management 
units and/or the wide range of treatments (9) 
precluded site replication. Thus, the three study 
areas acted as regional replicates in a design with 
true replication of experimental units. 

 As discussed by  Hurlbert (1984) , randomiza-
tion and interspersion of treatment units are 
essential elements of a sound experimental de-
sign. We acknowledge the concern that we did 
not actually intersperse the treatment units ran-
domly within each block, per se. Assignment of 
target densities for PCT of lodgepole pine stands 
was random, but the fertilization treatments 
were applied to one-half of each of the original 
stand density areas. Because of the logistics of 
aerial application of fertilizer, fertilization treatment 
units were adjacent to each other at two of the 
Summerland units and at the four Kelowna units. 
However, because application logistics rather 
than experimenter bias ( Hurlbert, 1984 ) tended 
to control assignment of treatment units within 
a block, this was considered a randomized split-
plot design. 

 Uniformity (e.g. age and density) of pre-treat-
ment lodgepole pine stands within blocks at all 
three study areas was determined by the lack of 
differences in diameters and heights of pine crop 
trees among pre-treatment experimental units 
in 1993. However, our treatment units may not 
have been completely independent since units 
were contiguous with adjacent units on one or 
two sides. Therefore, degree of independence 
may have been less than if each unit was physi-
cally separate from every other unit.  

  Foliar analysis 

 With N applications every 2 years, elevated foliar 
N levels were maintained throughout the 10-year 
period. The small amount of N (100 kgN ha  − 1 ) 
that was added at the beginning of the study (fall 
1994) resulted in a relatively small increase in 
foliar N at all three study areas. However, the 
higher N dosages used in subsequent applications 
(150 – 200 kgN ha  − 1 ) were much more effective 
at increasing, and maintaining, foliar N levels in 
fertilized trees. 

 By including S (as sulphate-S) in fertilizer pre-
scriptions, favourable foliar N/S balance was 
maintained throughout the 10-year period at all 
three areas. Post-fertilization foliar N/S ratios in 
all fertilized treatments remained below a thresh-
old value ( ~ 15), above which S defi ciency is in-
dicated for lodgepole pine ( Ballard and Carter, 
1986 ;  Brockley, 2001 ). Combined N and S 
fertilization has proven effective in alleviating 
S defi ciencies and in promoting tree growth of 
S-defi cient lodgepole pine in central BC ( Brockley, 
2004 ). The small amount of B (1.5 – 3 kg ha  − 1 ) that 
was periodically included in fertilizer prescrip-
tions was also readily taken up by lodgepole pine 
at all areas. Previous studies have also reported 
that, when combined with N, small amounts of 
B are suffi cient to achieve, and maintain, favour-
able B status over a prolonged period ( Brockley, 
1990 ;  2003 ). 

 Although foliar N/K, N/P and N/Mg ratios 
were higher in fertilized treatments than in un-
fertilized treatments at all study areas, the ratios 
remained below probable defi ciency thresholds 
in almost all cases ( Brockley, 2001 ). Therefore, 
native soil fertility, and the amount of P, K 
and Mg applied in the initial fertilization, was 
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apparently suffi cient to maintain favourable fo-
liar nutrient balance in repeatedly N-fertilized 
trees at all study areas.  

  Stem growth 

 According to  Koch (1995) , a minimum merchant-
able diameter of lodgepole pine would be 25 cm 
with an expected rotation age of 80 years. Depend-
ing on the degree of PCT and response to fertiliza-
tion, this rotation age could be reduced by several 
decades to 50 – 60 years on sites similar to our 
study areas. As discussed below, this reduction in 
rotation age assumes that stand volume is not the 
only factor being considered in accelerating stand 
development. With enhanced diameter growth, a 
forest manager has two options to choose from: 
(1) harvest larger trees within a standard rota-
tion or (2) harvest merchantable trees sooner. 
The fi rst option produces larger diameter trees, 
which, in general, provide higher value products 
than smaller trees due to the premiums currently 
placed on sawlog products compared with pulp 
and composite wood products ( Middleton  et al. , 
1995 ). In addition, the increased effi ciency as-
sociated with harvesting, handling and milling 
large diameter trees provides additional fi nancial 
returns relative to small diameter trees ( Ballard 
and Long, 1988 ). The second option (reduced 
rotation) will provide mills with fi ber sooner, which 
will become increasingly necessary to meet the 
growing global demands for forest products from 
an ever-decreasing landbase of managed forests 
( Brooks, 1997 ). Attaining merchantable timber 
within a reduced rotation is likely of critical sig-
nifi cance to the long-term future of BC’s forest in-
dustry. Such a strategy may be a viable means for 
addressing projected timber shortfalls resulting 
from the current mountain pine beetle epidemic, 
which has already decimated several million hect-
ares of merchantable pine forest throughout BC’s 
interior ( B.C. Ministry of Forests, 2003 ). 

 In this study, fi ve applications of fertilizer over 
8 years (750 N in total) produced 10-year rela-
tive and absolute mean stand volume gains, over 
all densities, of only 18 per cent and 6.2 m 3  ha  − 1 , 
respectively. The effects of fertilization on biolog-
ical rotation length (i.e. culmination of mean an-
nual increment) or technical rotation length (i.e. 
minimum merchantable harvest or target DBH) 

can be predicted from TIPSY, a growth and yield 
program that interpolates managed stand yield 
tables generated by the tree and stand simulator 
growth and yield model ( Mitchell  et al ., 2007 ). 
The estimated reduction in harvest age of 1 – 2 
years, based on stand volume, is probably too 
small to provide a positive return on investment 
from repeated fertilization in this study. However, 
larger growth responses have been previously re-
ported from repeated fertilization experiments 
with lodgepole pine.  Brockley (2005)  reported 
the effects of factorial combinations of post-thin-
ning density and fertilization (repeated every 5 
years) on the growth of young lodgepole pine 
in central BC. Total volume increment in fertil-
ized treatment plots averaged 15.2 m 3  ha  − 1  (52 
per cent) greater than in the unfertilized treat-
ment plots over 10 years. In another study, two 
applications of a multi-nutrient fertilizer produced 
17.2 m 3  ha  − 1  more stand volume (36 per cent) than 
the unfertilized control over 12 years ( Brockley, 
2007 ). The larger growth responses reported in 
these studies, and less frequent fertilizer applica-
tions, would make fertilization a more attractive 
investment option. 

 At the stand level in this study, several fac-
tors, either acting separately or in combination, 
may be responsible for the relatively small in-
crease in volume from repeated fertilization. In-
creased leaf area has been determined to be the 
primary mechanism governing growth response 
following fertilization ( Vose and Allen, 1988 ). 
Although crowns apparently recovered rapidly 
following pruning, reduced live crown biomass 
may have negatively affected growth response to 
fertilization in the 250, 500 and 1000 trees ha  − 1  
treatments during the 6- to 10-year period. Low 
stand densities in two of the treatments (250 and 
500 trees ha  − 1 ) may also have negatively affected fer-
tilization response.  Brockley (2005)  reported that 
tree and stand volume gains following fertiliza-
tion were less, in both relative and absolute terms, 
at 600 trees ha  − 1  than at 1100 or 1600 trees ha  − 1 . 
Vigorous response of understorey vegetation to 
nutrient additions (and strong competition for 
water and nutrients) at the low stand density may 
have reduced the effectiveness of fertilization on 
tree growth. Both herbaceous and shrubby veg-
etation can be strong competitors for soil mois-
ture and nutrients in conifer stands, and induced 
water stress or direct competition for applied 
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nutrients can reduce or eliminate the positive ef-
fects of fertilization on conifer growth on brushy 
sites ( Powers and Reynolds, 1999 ). Substantial 
moisture defi cits are normal during the mid-
dle and latter parts of the growing season in 
drier sub-zones of the MS biogeoclimatic zone 
( Meidinger and Pojar, 1991 ). 

 Our signifi cantly enhanced parameters of di-
ameter, BA and volume growth per tree were 
consistent with those reported by several stud-
ies following PCT and fertilization treatments 
( Johnstone, 1985 ;  Brockley, 1996 ;  Weetman 
 et al. , 1997 ;  Brockley, 2005 ). Height growth 
was not signifi cantly enhanced by thinning treat-
ments and, within fertilized stands, appeared to 
be slightly decreased. Fertilization has been re-
ported to increase the water fl ow to the lower 
branches, which may lead to water stress and 
decreased growth at the terminal during dry pe-
riods ( Amponsah  et al. , 2004 ;  Brockley, 2005 ). 
 Brockley and Simpson (2004)  suggested that fer-
tilization-induced nutrient imbalances may have 
been responsible for decreased height growth 
following repeated fertilization treatments; how-
ever, no such imbalances were observed during 
this study. 

 At the tree level, there may be several benefi ts 
associated with thinning in terms of enhanced 
growth. However, at the stand level, heavy thin-
ning treatments will undoubtedly lead to grow-
ing space not being occupied by crop trees, which 
may reduce the volume available at harvest. The 
enhanced growth rates observed within both 
heavily thinned and fertilized stands may mitigate 
some of the losses of stand volume. While low-
density thinning treatments may initially result in 
unoccupied growing space, the release of shade-
tolerant crop trees as well as ingress of additional 
trees may provide a signifi cant future source of 
crop tree volume ( Sullivan  et al. , 2006 ). In addi-
tion,  Cochran (1989)  reported that fertilization 
increased wood volume by increasing stand-level 
stocking. Our study reported on 10-year growth 
increments in the permanently tagged, dominant 
and co-dominant stems remaining after PCT and, 
as a result, did not account for the contributions 
made by other trees. 

 Thus, our hypothesis that thinning and repeated 
fertilization would enhance productivity (diame-
ter, BA and volume) of lodgepole pine crop trees 
is supported by our results. At the stand level, 

however, volume growth was decreased with 
heavy thinnings. Our results also revealed that 
BA/tree, volume/tree and volume/hectare growth 
was greater in heavily thinned and, in particu-
lar, repeatedly fertilized stands during the last 5 
years compared with the fi rst 5 years of the study. 
This pattern suggested that the effects of these 
incremental silviculture treatments may not have 
been fully expressed 10 years after the onset of 
treatments.  

  Crown architecture 

 The architecture of a tree’s live crown is of pri-
mary importance to the production of forest 
products as it directly determines the amount 
of photosynthates available for stem forma-
tion ( Oliver and Larson, 1996 ;  Zarnoch  et al. , 
2004 ), the geometry of the stem ( Dean, 2004 ) as 
well as the cellular properties of the wood itself 
( Muhairwe, 1994 ). As a result, manipulating crown 
architecture allows forest managers to infl uence 
the growth rate, form and wood quality of a tree. 
Five years following thinning, crown area, volume 
and LCR all appeared to be enhanced by PCT and 
repeated fertilization; however, the differences 
were not statistically signifi cant. At the end of 
our 10-year study, crown area and volume were 
similar among all density treatments, despite the 
lower density stands having been pruned 5 years 
earlier. This suggests that lodgepole pine trees re-
covered rapidly from pruning and that reduced 
growth rates associated with pruning, if any, 
would have been short-lived. Even though lodge-
pole pine does not produce epicormic branches, 
crown size recovered quickly from pruning 
treatments because of pine’s relatively weak epi-
nastic control and, therefore, ability to rapidly 
expand branch growth ( Oliver and Larson, 1996 ; 
 Kishchuk  et al. , 2002 ). This was observed during 
our study and is indicated by the large crown area 
and volume within the very low and low-density 
stands 5 years after pruning. 

 The rapid recovery of crown size following 
pruning in young stands of lodgepole pine sug-
gested that the benefi ts associated with pruning 
(see discussion on stem form and wood quality 
below) appear to be possible without sacrifi c-
ing photosynthate production. Furthermore, re-
peated fertilization treatments were observed to 
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signifi cantly enhance crown area, which likely 
facilitated the enhanced DBH, BA and volume 
growth observed within fertilized stands ( Brockley 
and Simpson, 2004 ).  

  Stem form and wood quality 

 Enhanced growth of crop trees is an important 
condition that can provide for increased fi nancial 
returns and/or mitigate timber supply shortfalls. 
However, accelerated growth rates may have neg-
ative impacts on both stem form and wood quality 
that must be considered. The amount of dimen-
sional lumber that is recovered from a given unit 
volume of wood is directly related to stem form 
and decreases with increasing taper ( Ballard and 
Long, 1988 ;  Middleton  et al. , 1995 ). Stem taper 
can largely be explained by the uniform stress prin-
ciple of stem formation, which predicts a stem’s 
form based on the physics of withstanding exter-
nal stresses such as wind drag and snow loading; 
stems become increasingly tapered in response to 
increasing external stresses ( Dean, 2004 ). Taper 
has been shown to increase with both thinning 
( Ballard and Long, 1988 ;  Middleton  et al. , 1995 ) 
and fertilization ( Mead and Tamm, 1988 ), and is 
likely explained by the increased wind and snow-
load stresses associated with increased crown 
length ( Muhairwe, 1994 ). During this study, stem 
diameter was only measured at breast height. 
As a result, stem taper could not be quantifi ed. 
However, taper is assumed to have increased with 
both thinning and fertilization treatments due to 
the enhanced diameter growth without a cor-
responding increase in height growth.  Brockley 
(2005)  observed increased taper for young lodge-
pole pine stems growing in heavily thinned stands 
compared with those in lightly thinned stands. We 
recommend that future sampling in these study 
areas include destructive sampling to facilitate an 
accurate assessment of treatment effects on stem 
taper. While increased stem taper and decreased 
wood quality are sometimes argued to outweigh 
the benefi ts of enhanced wood production, prun-
ing may mitigate some of these negative attributes 
associated with fast-growing trees. The rapid re-
covery of lodgepole pine crowns to pruning dis-
turbance suggested that pruning may benefi t stem 
form and wood quality without sacrifi cing stem 
growth. 

 Wood density is often considered to be the 
most important indicator of clear-wood quality, 
with high-density wood being preferred to low-
density wood ( Jozsa and Brix, 1989 ). Thinning 
and fertilization treatments are often associated 
with decreased wood density ( Ballard and Long, 
1988 ;  Amponsah  et al. , 2004 ;  Kang  et al. , 2004 ), 
primarily because of the disproportionately large 
increase in low-density earlywood production 
compared with high-density latewood. 

 Juvenile wood is produced within and near 
the live crown and has several undesirable wood 
properties, including lower density, higher fi bril 
angle and shorter cells compared with mature 
wood, which is produced along the branch-free 
portion of the lower stem (Snellgrove  et al. , 
1988). Because thinning and fertilization treat-
ments tend to increase the size of crowns and de-
crease the rate of crown recession, it follows that 
these silvicultural treatments would increase the 
juvenile to latewood ratio throughout the lower 
stem. As a result, artifi cial pruning can mitigate 
some of the negative effects of thinning and fertil-
ization by decreasing the LCR, thereby accelerat-
ing the transition from juvenile wood to mature 
wood (Macdonald and Hubert 2002). Pruning 
was shown to increase wood density up to 7 per 
cent at 2 – 3 years after treatment within radiata 
pine ( Pinus radiata  D. Don) ( Cown, 1973 ). In ad-
dition, pruning provides for increased volume of 
clear wood ( Ballard and Long, 1988 ;  Kellomaki 
 et al. , 1989 ) and has even been demonstrated to 
reduce the degree of taper following thinning 
treatments ( Muhairwe, 1994 ).  

  Indirect consequences of treatments on 
stand productivity 

 The mountain pine beetle is the most severe insect 
pest of lodgepole pine and, while it is a natural 
component of the ecosystem which may even en-
hance the long-term competitive performance of 
lodgepole pine, losses due to periodic epidemics 
of this insect seriously affect the sustained yield 
and regulation of managed stands ( Lotan and 
Critchfi eld, 1990 ). Several studies indicate that 
losses to this beetle can be signifi cantly reduced 
or avoided with treatments such as thinning and 
fertilization that increase tree vigour ( Oliver and 
Larson, 1996 ;  Whitehead and Russo, 2005 ), as 
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well as modifi ed microclimate including increased 
light intensity, wind movement and reduced hu-
midity ( Amman  et al. , 1988 ). While increased tree 
vigour may enhance the ability of a tree to survive 
(i.e. pitch out) a bark beetle attack, the high num-
ber of beetles associated with the epidemic that is 
currently decimating pine forests throughout BC’s 
interior is also killing stands of young, vigorous 
pine. If thinned and fertilized stands are killed by 
bark beetles, the advance regeneration in the un-
derstorey of low-density stands may signifi cantly 
reduce reforestation costs and decrease time for 
stands to attain merchantable-sized trees. The 
potential for advance regeneration to provide a 
new stand of crop trees remains speculative and 
is related to the suitability of species composition, 
stocking density and spacing. Therefore, it is rec-
ommended that future studies carefully consider 
the attributes of the younger cohort of trees that 
develop within the understorey of low-density 
stands ( Sullivan  et al. , 2006 ).   

  Conclusion 

 Our results indicate that PCT and repeated fer-
tilization will enhance diameter, BA and volume 
growth of young lodgepole pine crop trees. At the 
tree level, the use of these intensive management 
practices appeared to enhance wood production 
10-years after treatment. At the stand level, vol-
ume yields will undoubtedly decrease following 
heavy thinning. However, within these low-density 
open canopy stands, release of suppressed trees 
and ingress of new trees may mitigate some of the 
initial losses related to thinning, if this younger 
cohort of trees includes commercially desirable 
species. 

 The decision to apply intensive silviculture 
treatments should consider the impacts that treat-
ments such as thinning and repeated fertilization 
have on enhancing tree growth, mitigating tim-
ber supply shortfalls, decreasing the potential for 
timber loss due to crown fi res and bark beetle 
infestations, reducing hazards associated with 
urban-residential interface fi res and biodiversity 
conservation. 

 Monitoring the long-term response of lodge-
pole pine to incremental silviculture treatments 
of thinning, fertilization and pruning will provide 
valuable insight as to when and where the most 

signifi cant benefi ts for wood production can be 
achieved. Incorporating a diversity of silvicultural 
practices, including heavy thinning and repeated 
fertilization regimes, should help meet the goals 
of enhanced wood production.  
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