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ABSTRACT 
 
This project continues the remeasurement, analysis and reporting of previously 
established interior stand management G&Y research installations. The extensive 
network of long-term stand management field experiments is designed to document the 
effects of various harvesting and stand management treatments (partial cutting, thinning, 
fertilization) and regimes (planting and post-thinning densities, fertilizer regimes) on 
growth, development, and yield across a range of species, biogeoclimatic zones, and 
stand conditions throughout the B.C. interior. These long-term trials are providing 
treatment response estimates and validation data for provincial G&Y models that are used 
to support timber supply analysis, silvicultural prescriptions and investment decisions. 
Ancillary studies at selected stand management research sites are adding to our 
understanding of the long-term impacts of stand management treatments on nutrient 
cycling dynamics.   
 
Results from several stand management field experiments were formally reported during 
the 3-year project term.  Published results from fertilization research included final 
results from nitrogen source and sulphur source experiments and interim results from a 
fertilizer and thinning interaction study and from several Douglas-fir fertilization field 
experiments.  Preliminary results from several thinning and planting density field 
experiments and from a lodgepole pine and Sitka alder competition study were also 
formally published.   
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INTRODUCTION 
 
The forestry sector in the interior of British Columbia has made huge silvicultural 
investments (e.g., planting, thinning, fertilization) during the past three decades, and 
future timber supplies in many forest management units are largely dependent on the 
health and productivity of these young managed forests.  Thinning and fertilization are 
important components of several Type 1 and Type 2 strategic analyses that have been 
developed for interior Timber Supply Areas and Tree Farm Licences to address specific 
timber supply challenges.  Accelerating stand development and creating favourable stand 
structure by fertilizing and stand density management may become especially important 
strategies in the B.C. interior given: 1) the severity of the current mountain pine beetle 
outbreak, 2) its potentially large negative impact on mid-term timber supply, and 3) the 
threat of future outbreaks to currently immature lodgepole pine stands.  Also, recent 
changes to, and restrictions on, forest practices have led to a growing interest in partial 
cutting as a possible method for satisfying both the need for timber production and the 
desire to protect non-timber forest resources.  Reliable, scientifically based estimates of 
productivity impacts of harvesting and stand management treatments are needed so that 
appropriate treatments and regimes are used to achieve specific timber yield and product 
objectives.   

 
The stand- and forest-level growth and yield impacts of different partial cutting and stand 
management prescriptions (e.g., planting density, post-thinning density, and fertilization) 
are currently facilitated by growth prediction models and decision tools that have been 
developed or calibrated for use in the B.C. interior.  However, the fact that available 
growth models are based on incomplete knowledge of the growth, yield, and value 
impacts of harvesting and stand management decisions, is often not fully recognized.  
The available long-term database for growth and yield research in interior forests is 
limited and fragmented, and much of the data have been obtained from sources outside of 
British Columbia.  Further refinements and improvements in growth models and decision 
tools for interior forests will depend, to a large extent, on the availability of local, high 
quality, long-term growth and yield data. 
 
Stand management growth and yield research installations are essential sources of the 
long-term, high quality data required for the continuing development, calibration and 
modification of prediction systems and decision tools used in silvicultural planning and 
timber supply analysis.  The maintenance of existing growth and yield data sets and 
remeasurement schedules was identified as an overall priority of the Forest Productivity 
Council of B.C. (2001).  In fact, one of the priority goals of the Forest Productivity 
Council was to “build and maintain a growth and yield legacy for our future (by 
providing for) ongoing establishment, remeasurement, data management and analysis of 
EP’s for quantifying silvicultural response and stand dynamics.” 

 
With funding provided by the Forest and Range Development Agreements (FRDA I and 
II) and Forest Renewal B.C. (FRBC), the B.C. Ministry of Forests Forest Science 
Program undertook large investments in long-term growth and yield field experiments 
during the 1980’s and 1990’s.  This extensive network of area-based field installations is 
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designed to document the effects of various stand management treatments, and regimes, 
on growth, development and yield across a range of species, biogeoclimatic zones, and 
stand conditions throughout the B.C. interior.  Installation establishment protocols are 
consistent with minimum standards for the establishment of permanent sample plots 
(Forest Productivity Council of B.C. 1999).  The distribution of installations among 
treatments, species, and biogeoclimatic zones is consistent with a provincial core matrix 
for research growth and yield installations approved by the B.C. Forest Productivity 
Councils (Pollack 1991). 
 
This project is continuing the scheduled remeasurement, analysis and reporting of stand 
management growth and yield research installations previously established by the 
Ministry of Forests, Forest Science Program at locations throughout the B.C. interior. The 
extensive network of area-based, fully replicated, installations consists of treatments and 
regimes as follows: 
1. Two partial cutting trials (EP’s 370, 987.04) in complex cedar-hemlock and dry-belt 

Fd stands, respectively. 
2. Fourteen (11 Pl, 3 Fd) pre-commercial thinning trials (EP 922) within five BEC zones 

testing a range of post-thinning densities (500 to 3,000 sph). 
3. One Fd commercial thinning trial (EP 1184) 
4. Twenty-two planting density trials (EP 964) with five species (Pl, Sx, Fd, Lw, Py) 

and species combinations (Sx/Pl) across a range of planting densities (500 to 2500 
sph) within four BEC zones.  

5. Two hybrid poplar planting density trials (EP 1181), testing a variety of planting 
densities and configurations (rectangularity).   

6. One Pl planting density/thinning trial (EP 962) testing factorial combinations of 
planting densities and subsequent thinning regimes and frequencies.   

7. One Pl/Sitka alder trial (EP 1185) testing the effects of different levels of alder 
retention on the growth and nutrition of thinned Pl. 

8. Thirty-three fertilization trials (EP 886.01) within six BEC zones testing growth 
responses of three species (Pl, Sx, Fd) to fertilization with N, alone and in 
combination with S and other nutrients. 

9. One Pl fertilizer x thinning trial (EP 886.01.16) testing factorial combinations of three 
post-thinning densities (600, 1100, 1600 st/ha) and two levels of repeated fertilization 
(unfertilized, fertilized). 

 
In addition to area-based fertilizer installations, several fertilizer screening trials, using 
various replicated “single-tree” or “mini” research plot designs, were established by the 
B.C. Ministry of Forests in the 1980’s and 1990’s.  These experiments were designed to 
document specific nutrient deficiencies and to rapidly evaluate fertilization response 
potential and the efficacy of different fertilization regimes.  These experiments have 
contributed valuable information regarding the nutritional status and fertilization 
response potential of interior forests, and have identified treatments to be formally tested 
in area based fertilization experiments.  For example, much of what we know about S and 
B nutrition of interior forests can be attributed to the results from these fertilizer 
screening trials.  Growth measurements from these screening trials have been completed, 
but formal reporting from several of these experiments is ongoing. 
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The scheduled re-measurement of 52 stand management field installations was completed 
during the 3-year project term (2004/05 to 2006/07).  The purpose of this report is to 
summarize the project activities, results, and reporting during this period.   
 
 
METHODS 
 
Experimental Design and Growth Measurements 
 
The 77 interior stand management experiments included in the B.C. interior stand 
management research program belong to nine separate experimental projects (EP’s) 
established and/or maintained by the B.C. Ministry of Forests, Research Branch.  All 
EP’s have comprehensive, peer-reviewed working plans that describe the objectives, 
treatments, experimental design, and establishment, remeasurement, and analytical 
methodology.  Details regarding the specific EP’s that were re-measured during the 3-
year project term are provided below.  Additional information about these stand 
management studies is available on the B.C. Ministry of Forests, Research Branch 
website:  http://www.for.gov.bc.ca/hre/standman. 
 
Fertilization (E.P. 886.01) 
Beginning in 1992, a series of standardized, area-based fertilization field experiments 
were established to document the responsiveness of three interior conifers (Pl, Sx, Fd) to 
a single application of nitrogen (N) alone, and in combination with sulphur (S).  Results 
from single-tree fertilization experiments conducted by the project leader clearly indicate 
that growth response in interior forests is often enhanced by combining S with N in 
fertilizer prescriptions (Brockley 2000; Brockley and Sheran 1994; Swift and Brockley 
1994).  A total of 33 field installations (18 Pl, 9 Sx, 6 Fd) are evenly distributed among 
interior Forest Regions and occur within six biogeoclimatic zones (SBS, SBPS, MS, 
ESSF, IDF, ICH).  Installations are located within plantations and in fire- and harvest-
origin stands, and ranged in age from 18 to 60 years old at the time of fertilization.  All 
treatment plots (including unfertilized “control” plots) in fire- and harvest-origin stands 
were thinned to a uniform density (1100, 1600, or 2100 st/ha) at, or before, installation 
establishment.   

 
In 31 installations, each of three treatments (control, 200N, 200N+75S) is replicated three 
times for a total of nine area-based plots per installation.  In three installations, a fourth 
treatment (“complete mix”) is added to the core design to test for other growth-limiting 
nutrient deficiencies.  One installation is designed to document the effects of N dosage on 
the magnitude and duration of growth response.  Each of five treatments (control, 200N, 
400N, 200N + “complete mix”, 400N + “complete mix”) is replicated three times, for a 
total of 15 area-based treatment plots.  One installation is designed to document the 
effects of N source (urea vs. ammonium nitrate) on the magnitude and duration of growth 
response.  Each of five treatments (control, 300AN, 300U, 300AN + “complete mix”, 
300U + “complete mix”).  This is a follow-up to an earlier “single-tree” study in which 
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the effects of N source were likely masked by other nutrient deficiencies (Brockley 
1995). 
 
At most study sites, site conditions were sufficiently uniform to allow treatments to be 
randomly assigned to each of the plots (i.e., completely randomized experimental 
design).  In a few installations, geographic separation of plots or possible site differences 
(e.g., slope position) dictated a randomized complete block experimental design. 

 
Within each installation, each circular treatment plot consists of an inner 0.024 to 0.045-
ha “assessment” plot surrounded by a 5m-wide treated buffer.  The size of the assessment 
plots is held constant within an installation, and is dependent upon stand density.  Each 
assessment plot contains 50 tagged trees from which growth data are obtained.  Diameter 
at breast height, total height, height to live crown, and tree condition and form are 
assessed for each of the 50 trees per plot at each measurement.  A 3-year measurement 
cycle is maintained for a 12-year period following treatment, after which time a 6-year 
cycle is initiated.   
 
A total of 32 E.P. 886.01 fertilization installations were remeasured during the 3-year 
project term.  
 
 
Pre-commercial thinning (EP 922) 
Beginning in 1982, a network of pre-commercial thinning field installations (EP 922) was 
established by the B.C. Ministry of Forests, Forest Science Program, to document the 
growth and yield impacts of a wide range of post-thinning stand densities in early- and 
mid-rotation, fire- and harvest-origin lodgepole and Douglas-fir.  The 14 installations (11 
Pl; 3 Fd) are distributed among all interior Forest Regions and occur within five 
biogeoclimatic zones (SBS, SBPS, MS, IDF, ICH).  Stand ages ranged from 7 to 60 years 
old at the time of installation establishment.   

 
Seven installations test five post-thinning densities (500, 1000, 1500, 2000, 2500 st/ha) 
and an unthinned control.  The 500 st/ha treatment is replaced with a 3000 st/ha treatment 
at one location.  The remaining six trials contain 3 or 4 of the post-thinning densities and 
an unthinned control.  Eight of the installations include two replications of each 
treatment.  The other six installations include three replications of each treatment.  
Thinned plots vary in size (0.03 to 0.29 ha) depending on post-thinning stand density.  
Thinned treatment plots within most installations contain 100 trees (10 rows of 10 trees).  
Plots in a few installations contain 144 trees (12 rows of 12 trees).  Unthinned control 
plots are large enough to contain a minimum of 100 trees. 

 
A randomized complete block design is used at all study sites.  The variable plot size 
prohibited conventional randomization of treatments within blocks.  A “pseudo-
randomization” technique was developed to minimize bias. 

 
Diameter at breast height, total height, height to live crown, crown width, and tree 
condition and form are assessed for all trees within control plots and for each of the 64 
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inner trees per thinned plot at each measurement.  A 5-year measurement cycle is utilized 
for all EP 922 installations.   
 
Three E.P. 922 pre-commercial thinning installations were remeasured during the 3-year 
project term.   
 
Planting density x thinning (EP 962) 
Thinning is characterized by a number of different elements: type, weight, cycle, level of 
growing stock, and intensity.  Few existing studies have distinguished between these 
various thinning elements, and fewer yet have held the remaining elements constant 
while testing the effect of one element.  Using rigidly controlled initial espacements and 
neutral-type thinnings, the EP 962 study tests several quantitatively-defined weights, 
cycles and intensities of thinning, and levels of growing stock.   
 
Four initial espacements (400, 800, 1600, and 3200 trees per hectare) are tested in this 
study.  Except for the 400-tph density, all espacements are scheduled for thinning at 15-
year intervals to age 45 years after planting, on either a single- or multiple-entry regime.  
The study involves 18 single-, 12 double- and one triple-entry thinnings.  The study 
contains two replicates of 35 treatment combinations, arranged in a completely 
randomized block design.  A second replicate of the 400-tph espacement (no thinning) is 
included in each block, bringing the total number of plots to 72.  All treatment plots are 
0.25 ha (50m x 50m) in size.  The installation is re-measured at 5-year intervals.  The 1st 
scheduled thinning was completed in the fall of 2001. 
 
The EP 962 trial received its 20-year assessment in 2006/07. 
 
 
Planting density (EP 964) 
Beginning in 1986, a network of area-based field installations was established by the 
Ministry of Forests, Forest Science Program to document the effects of initial espacement 
(i.e., planting density) on the growth and yield of several interior conifers.  Twenty-two 
standardized installations are distributed among all interior Forest Regions and four 
biogeoclimatic zones (SBS, MS, ESSF, ICH).  Five species (Pl, Sx, Fd, Lw, Py) and 
species combinations (Sx/Pl) are being tested.   

 
For all single-species trials, three replications of each of five levels of planting density 
(500, 1000, 1500, 2000, 2500 st/ha) are being tested.  Treatment plots vary in size 
depending on planting density.  Most installations contain 144 trees (12 rows of 12 trees; 
two installations contain 100 trees (10 rows of 10 trees).  Within each plot, the inner 64 
(8 x 8) trees are assessed for dbh, total height, height to live crown, crown width, tree 
form and condition. 

 
The Pl/Sx mixed-species installation is a factorial experiment that combines three levels 
of planting density (1000, 1500, 2000 st/ha) with five levels of species’ composition 
(proportions of 0, 25, 50, 75, and 100% of each species).  The 15 combinations are 
replicated twice.  Treatment plots vary in size depending on the planting density and 
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species’ composition.  All single-species plots contain 144 trees (12 rows of 12 trees), 
and all mixed-species plots contain 225 trees (15 rows of 15 trees).  Within each plot, the 
inner 64 (8 x 8) and 121 (11 x 11) tagged trees in pure- and mixed-species plots, 
respectively, are assessed for dbh, total height, height to live crown, crown width, form 
and condition.  All planting density trials are assessed on a 5-year measurement cycle.   
 
Twelve E.P. 964 planting density trials were re-measured during the 3-year project term. 
 
 
Hybrid Poplar Planting Density (E.P. 1181) 
There is growing interest in the management and utilization of broadleaved tree species 
throughout British Columbia.  Hybrid poplars are of particular interest in southern and 
coastal B.C., where the sites and climate are favourable for their growth, and the milling 
facilities are readily accessible.  Although the silviculture of hybrid poplar plantations is 
generally understood, precise data aren’t yet available to determine optimum stocking 
levels for these plantations.  Consequently, this study (E.P. 1181) was initiated in 1994, 
in cooperation with Weyerhaeuser Canada Ltd. (then MacMillan Bloedel Ltd.) and Scott 
Paper Ltd., to determine the effects of plantation density on the growth and yield of 
hybrid poplar (Populus trichocarpa Torr. and Gray × Populus deltoides Marsh.) 
plantations.  Originally, this study was established at three separate locations in British 
Columbia: (1) near Menzies Bay on Vancouver Island, (2) on Carey Island in the Fraser 
River, and (3) at the Kalamalka Research Station in Vernon. The Menzies Bay 
installation was abandoned because poor clone selection resulted in very heavy mortality 
and very poor growth.   
 
The experimental design uses a non-systematic “plaid” design that allows spacing to be 
varied in two dimensions on a factorial basis with a constant number of measurement 
trees per plot.  The experiment incorporates four spacings of 1.5 (1F), 2.25 (1.5F), 3.0 
(2F), and 4.5 (3F) metres, resulting in a broad range of initial densities which vary from 
494 to 4444 trees/ha, and within/between row ratios (rectangularities) of 1:1 to 3:1.  
These treatments provide opportunities to examine some important density and spacing 
relationships. For example, one such relationship is the effect of different spacing 
rectangularities at the same density. The 1F×3F and the 1.5F×2F treatment combinations 
both have the same density and; therefore, the same growing space/tree (6.75m2/tree). 
However, because the allocation of the growing space is different, rectangularity effects 
can be evaluated. 
 
Two E.P. 1181 trials were re-measured during the 3-year project term. 
 
 
Commercial thinning (EP 1184) 
In 1994, a Douglas-fir commercial thinning installation was established by the Ministry 
of Forests, Research Branch in cooperation with Weldwood of Canada Limited, near 
Quesnel, B.C.  The installation consists of a randomized complete-block design with 
three blocks.  Each block contains three thinning treatments (400, 600, and 800 st/ha 
residual stems per hectare) plus an unthinned control.  The thinning method used was a 
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“thinning from below” or “low thinning”, wherein the lower crown classes were 
removed.  Depending on the treatment, the grade of thinning varied from “conservatively 
light” to “radical moderate” (Smith 1962).   

 
Thinned treatment plots vary in size depending on post-thinning density.  The 400- and 
600- st/ha plots contain 144 trees (12 x 12 grid), and the 800 st/ha plots contain 196 trees 
(14 x 14 grid).  Within each thinned plot, the inner 64 (8 x 8) trees are assessed for dbh, 
total height, height to live crown, crown width, tree form and condition.  Control plots are 
0.09 ha in size (30 m x 30 m) and contained between 158 and 252 trees at the time of trial 
establishment.  The dbh, total height, tree form and condition are measured for all trees 
within control plots.  Crown width and height to live crown are measured on 
approximately 25% of the control trees.   
 
The commercial thinning trial is assessed on a 5-year measurement cycle.  It received its 
10-year assessment in 2004/05. 
 
 
Lodgepole pine/Sitka alder density (EP 1185) 
Sitka alder represents a distinctive vegetation management challenge in several 
biogeoclimatic zones in the central and southern interior of B.C.  Clear guidance is 
lacking on where the balance of advantage lies, i.e., at what alder density are the likely 
benefits of N fixation offset by competition with crop trees for light and soil resources, 
and by the possible detrimental effects of high N levels on foliar nutrient balance.  In 
1995, a field experiment was established by Rob Brockley and Dr. P. Sanborn (UNBC) to 
study the effects of different levels of Sitka alder retention (0, 500, 1000, and 2000 
clumps/ha) on the growth of young (~ 7 years old), naturally regenerated lodgepole pine 
thinned to a uniform density of 1000 st/ha.  The experiment was laid out as a completely 
randomized design, with the four alder retention treatments replicated three times for a 
total of 12, 0.08-ha treatment plots.  A 0.036-ha assessment plot was established within 
each treatment plot to monitor the growth and development of retained lodgepole pine 
and alder clumps.  Each assessment plot contains 36 lodgepole pine trees and a number of 
alder clumps proportional to the specified alder retention density (i.e., 18, 36, and 78 
clumps for the 500, 1000, and 2000 alders/ha densities, respectively).  The alder retention 
regimes were created by selecting residual alder “leave” clumps as per a grid pattern 
dictated by the alder retention density.  All other clumps within each treatment plot were 
cut near ground level followed immediately with an application of glyphosate to the cut 
stumps.   

 
Within each assessment plot, lodgepole pine trees are assessed for dbh, total height, 
height to live crown, tree form and condition.  The alder clumps are assessed for total 
height and crown width.  The trial is assessed on a 3-year measurement cycle.   
 
The 9-year remeasurement of E.P. 1185 was completed in 2004/05.  
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Foliar Sampling 
Foliar sampling is undertaken at selected EP 886.01 and EP 1185 installations in order to 
determine the effects of N application rate, N source, stand density, and alder retention on 
lodgepole pine foliar nutrition.  Treatment effects on foliar levels of added and non-added 
nutrients, and on overall foliar nutrient balance, in interior stand management 
experiments have proven extremely useful in interpreting treatment response (or non-
response), and in refining foliar nutrient interpretative criteria for interior species 
(Brockley 2000, 2001, 2004; Brockley and Sanborn 2003).   
 
Foliage is collected from 10 representative healthy dominant or codominant trees evenly 
distributed within each assessment plot.  Samples are collected from the lower portion of 
the top 1/3 of the live crown, consistent with standardized foliar sampling guidelines 
(Brockley 2001).  Whenever possible, the same trees are sampled each year.  Individual 
foliage samples are frozen following field collection, and then dried in a forced-air oven 
at 70o C for 20 hours before analysis.  One composite sample, consisting of equal 
amounts of foliage from each of the 10 trees per treatment plot, is prepared for chemical 
analysis.  Dried composite samples are ground in an electric coffee grinder and sent to the 
Ministry of Forests and Range analytical laboratory for chemical analysis. 
 
 
Nutrient Cycling 
 
By providing strictly controlled environments, stand management field installations offer 
excellent opportunities to observe and document the long-term impacts of stand density 
control and fertilization on nutrient cycling dynamics.  In cooporation with Dr. Paul 
Sanborn (University of Northern British Columbia), several ancillary experiments have 
been undertaken at selected stand management field installations.   
 
Fate of Different Sulphur Sources in Soils and Foliage 
Forest fertilization research in the British Columbia (BC) interior has confirmed 
widespread sulphur (S) deficiencies in lodgepole pine stands, with mineral soil S 
concentrations among the lowest reported for temperate and boreal forests (Brockley and 
Sheran 1994; Brockley 2000, Kishchuk and Brockley 2002).  Operational fertilization of 
lodgepole pine in the BC interior commonly uses a urea-ammonium sulphate blend (10% 
S), but experimental fertilization treatments have included both sulphate-S (SO4-S) and 
elemental S (S0) sources.  S0 must undergo microbial oxidation before becoming plant-
available, so soluble SO4-S sources provide more rapid elevation of foliar S 
concentrations after 1 year (Brockley and Sheran 1994). 

 
Unlike for agricultural soils, research on S fertilizer behaviour in forest soils of the 
temperate and boreal zones is much less developed, principally because S deficiencies 
have not been widely recognized or treated operationally. This study examines the long-
term S status of an initially S-deficient lodgepole pine stand in the BC central interior, 
where both SO4-S and S0 were previously applied.  Sulphur (S) fractions and total 
nitrogen (N) concentrations, and cumulative net S mineralization, were measured for 
forest floors and surface mineral soils (0-20 cm) sampled 13 years after fertilization (100 
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kg S ha-1 + 400 kg N ha-1) of an S-deficient lodgepole pine stand in 1990.  Foliar S levels 
were also measured.  Fertilizer treatments compared two S sources: elemental S (S0) and 
(NH4)2SO4 (AS).  Detailed sampling methodology is provided in (Sanborn et al. 2005). 
 
 
Litter Decomposition 
In collaboration with Dr. Paul Sanborn, N-fixation by Sitka alder at the E.P. 1185 study 
site has been measured and reported (Sanborn et al. 2002).  Alder litterfall was reported 
as part of the biomass production estimates by Sanborn et al. (2002), and this was 
believed to account for the bulk of the estimated annual N-fixation input of 10-15 kg ha-1.  
However, it was not known how rapidly the N content of alder leaf litter was mobilized 
during decomposition, nor was it known whether this input of nutrient-rich alder litter 
would influence the decomposition and nutrient dynamics of pine litter.   

 
To address these questions, we initiated a 7-year-long litter decomposition experiment in 
1996 at this site.  Litterbags containing pure lodgepole pine litter, pure alder litter, or a 
50:50 mixture of both types of litter were pinned to the forest floor in groups of three 
(one of each group) at random locations within the 2000 alder clumps per hectare 
treatment plots in the fall of 1996.  Litterbags were constructed according to Trofymow et 
al. (1998) and filled with senescent pine needles, alder leaves, and a 50:50 mixture of 
both litter types. To sets of litterbags were recovered every 6 months for 3 years and at 1-
year intervals thereafter, with the final collection in the fall of 2003.  After each recovery, 
the bag contents were oven-dried, weighed to determine mass loss, and submitted to the 
Ministry of Forests laboratory for chemical analysis.  

 
 

Data Management and Analysis 
All growth measurement data are uploaded from electronic field data recorders and 
loaded onto a LAN-based server at the Kalamalka Forestry Centre.  These data are 
backed-up and stored off site at the end of each workday, thereby ensuring that data are 
protected from a catastrophic event.  Thorough data edits are conducted by comparing 
current data with previous measurements.  Growth increments that exceed selected 
threshold values are flagged for field checking in late fall of the measurement year 
(access permitting) or in the early spring of the following year. 

 
All edited growth and yield data from field experiments are loaded into a LAN-based 
database developed and maintained by the B.C. Ministry of Forests and Range, Research 
Branch.  The database contains metadata (i.e., header information) and all individual-tree 
measurement data from all field installations.  

 
Treatment effects on tree and stand growth variables are examined by analysis of 
variance using general linear model procedures (SAS Institute Inc. 2004).  Data may be 
subjected to analysis of covariance, using appropriate variables as covariates.  
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RESULTS AND DISCUSSION 
 
Growth and Development 
 
A total of 52 stand management field installations were remeasured during the 3-year 
funding period (2004/05 to 2006/07).  The specific breakdown of these scheduled 
remeasurements by treatment, experimental project (EP), species and BEC zone is shown 
in Table 1.  A total of 688 plots and 74,975 trees were re-measured.   
 
The re-measurement data will be combined with previous growth measurements from 
these experiments and formally reported at an appropriate time. 
 
During the 3-year project term, emphasis was placed on the formal reporting of the 
results from several studies.  The results from these studies are summarized below: 
 
 
Effects of Sulphur Source and Application Rate 
Extensive research has documented the effectiveness of various forms and application 
rates of S fertilizers on stimulating S uptake and growth of agricultural crops.  However, 
very little parallel research has been undertaken in conifer forests.  The objectives of this 
study were to determine the long term effects of two S sources (SO4 and S0) applied at 
two different rates (50 and 100 kg S/ha) on both foliar nutrition and growth of N-
fertilized lodgepole pine at six study sites in the interior of British Columbia.  The results 
were formally reported by Brockley (2004). 
 
After 3 years, foliar S levels in the N+S treatments were significantly higher than those in 
N-only treatments at all six study locations.  Temporal patterns of foliar S response 
varied significantly with S source.  When applied as ammonium sulphate (AS), foliar 
levels increased sharply in year 1 and slowly declined over the next 2 years.  Conversely, 
additions of elemental S, in the form of  S0 – sodium bentonite, usually did not increase 
foliar S concentration in year 1, but had increasingly positive effects on foliar S in years 2 
and 3.  An increase in the S application rate from 50 kg/ha to 100 kg/ha resulted in only a 
modest improvement in foliar S concentration for both S sources.  Differences in 
individual-tree basal area increment between N and N+S treatments were statistically 
significant in only two of six trials.  Pre-fertilization levels of foliar N and sulphate-S, 
and probable induced deficiencies of non-added nutrients following N fertilization, 
largely explained basal area and height responses to N and N+S additions at the six study 
sites.  Despite delayed oxidation, S0 was as effective as the more readily available AS in 
stimulating radial growth after 6 years.  However, the relative effectiveness of S source 
varied with S application rate in two trials.  In both cases, basal area increment was 
positively related to application rate when S was applied as AS.  Conversely, the effect of 
application rate was distinctly negative when S0 was applied.  Despite large differences in 
short-term availability of AS and S0, the results from this study support the conclusion 
that the two S sources are likely equally effective in alleviating S deficiencies and in 
promoting tree growth of S deficient lodgepole pine. 
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Fertilizer x Thinning Interactions 
Most lodgepole pine fertilization research in the British Columbia interior has been 
conducted in thinned, fire- or harvest-origin stands.  Several stand densities have been 
used, but no studies have compared fertilization response across a range of post-thinning 
densities on the same site.  This information is needed in order to determine optimum 
fertilization and thinning regimes for achieving specific yield and product objectives. 
 
This study (E.P. 886.01-16) was designed to investigate the effects of differing levels of 
post-thinning stand density (600, 1100, 1600 trees per hectare) on the growth and 
development of fertilized and unfertilized lodgepole pine in south-central British 
Columbia.  A customized, multi-nutrient fertilizer was applied to fertilized treatment 
plots in October 1992.  The same blended fertilizer, at the same application rate, was re-
applied to treatment plots in October 1997 and in October 2002.  The 10-year results 
from the study were formally reported by Brockley (2005). 
 
The effects of density and fertilization (repeated every 5 years) on tree height were small 
relative to the effects on stem radial growth.  The density effects on radial growth were 
strongly linear; the largest relative and absolute gains were measured at the lowest stand 
density.  Individual-tree height and volume gains following fertilization were less, in both 
relative and absolute terms, at 600 tph than at 1100 or 1600 tph.  At 600 tph, stand 
volume increment in fertilized treatment plots averaged 7.6 m3/ha (37%) greater than in 
the unfertilized treatment plots over 10 years.  At 1600 tph, 10-year fertilization volume 
gains averaged 20.9 m3/ha (61%).  Vigorous response of understory vegetation to nutrient 
additions (and strong competition for water and nutrients) and/or disproportionately large 
allometric shifts may have reduced the effectiveness of fertilization on tree growth at 600 
tph relative to higher stand densities.  Results indicate that the combined positive effects 
of thinning and fertilization on the growth of young lodgepole pine will accelerate stand 
operability, thereby shortening technical rotation length.  Results also indicate that 
significant growth gains following fertilization of thinned lodgepole pine will partially 
compensate for stand volume losses due to thinning.  However, fertilization may be less 
effective at low stand densities, where negative effects of thinning on harvest volume are 
greatest. 
 
 
Effects of Fertilization on the Growth and Foliar Nutrition of Interior Douglas-fir 
This study (E.P. 886.01) was designed to investigate the effects of fertilization with 
nitrogen (N) alone, and in combination with sulphur (S), on the growth and foliar 
nutrition of six immature, managed Douglas-fir stands in the Interior Cedar–Hemlock 
(ICH) biogeoclimatic zone of British Columbia.  The 6-year results were reported by 
Brockley (2006a). 

 
Results indicate that interior Douglas-fir stands growing on circummesic sites within the 
ICH zone are generally responsive to fertilization. Disregarding results from one 
installation that was damaged by Armillaria root disease, average net volume response 
following fertilization with N alone was 13.5 m3/ha (range: 6.5–24 m3/ha) compared to 
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the control treatment. Six-year volume gains from N+S additions averaged 16 m3/ha 
(range: 10–23 m3/ha). In relative terms, stand volume responses to fertilization with N 
and N+S averaged 24% (range: 8–41%) and 28% (range: 16–39%), respectively. Growth 
projections generated by the TIPSY growth and yield program indicate that the 
accelerated stand development following a single fertilizer application will likely reduce 
biological rotations (i.e., culmination of mean annual increment) and technical rotations 
(e.g., minimum harvestable age) by 2–3 years. Relative growth responses compare 
favourably with results from Douglas-fir fertilization studies in other jurisdictions.  

 
Pre- and post-fertilization foliar nutrient analyses indicate that several of the sites were 
marginally S deficient, and that S status deteriorated 1 year following N fertilization. 
Added S was readily taken up, thereby maintaining a favourable N:S balance in trees 
fertilized with N+S. Despite improvements in foliar S status, the incremental growth 
benefits of added S may be too small on most sites to justify the extra expense involved 
in blending and applying N+S fertilizers in large-scale aerial operations.  
Results from this study, and others, indicate that pre-fertilization levels of foliar N and 
SO4 may have utility in selecting candidate stands and in making appropriate fertilizer 
prescriptions. For example, the largest growth responses following fertilization may be 
expected in stands with pre-fertilization foliar N levels less than 11.5 g/kg (< 13 g/kg 
when using dry combustion analytical methods). Also, low foliar N combined with small 
amounts of pre-fertilization foliar SO4 (< 200 mg/kg) may indicate that additional growth 
gains can be achieved by blending S with N in fertilizer prescriptions. Finally, results 
from this study apparently support previous claims from the Inland Northwest that low 
pre-fertilization foliar potassium (K) levels (< 6 g/kg) and elevated N:K ratios (> 2) may 
increase the susceptibility of fertilized Douglas-fir to mortality losses from Armillaria 
root disease. Additional Douglas-fir fertilizer trials are needed to test and refine these 
preliminary guidelines for wet-belt Douglas-fir in the interior of British Columbia. 
 
 
Comparing the effects of urea and ammonium nitrate fertilizers 
Most long-term forest fertilization research studies in the interior of British Columbia 
have used urea (46-0-0) as the primary nitrogen (N) source.  In these studies, urea 
fertilization (sometimes combined with other essential nutrients) has generally been 
effective in stimulating the growth of N-deficient conifer target species.  Not surprisingly, 
therefore, urea is currently the preferred N source for large-scale aerial fertilizer 
operations.  The combination of urea’s relatively low unit price and high N analysis 
results in lower transport and spreading costs per unit of added N compared with other 
nitrogenous fertilizers.  Also, urea’s suitability for blending with other fertilizers, and its 
favourable storage and handling properties, make it ideally suited for use in operational 
fertilization projects.   
 
In Sweden, fertilization studies in Scots pine (Pinus sylvestris L.) and Norway spruce 
(Picea abies (L.) Karst.) forests indicate that growth responses are often 25-40% higher 
with ammonium nitrate (AN; 34-0-0) than with urea.  Since the mid-1970’s, AN (often 
combined with dolomite to reduce soil and water acidification effects) has been used 
almost exclusively in Swedish forest fertilization operations.     
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Urea and AN fertilizers have not been fully evaluated under stand and site conditions 
commonly encountered in immature lodgepole pine forests in the interior of British 
Columbia.  In an earlier study, the growth of fertilized lodgepole pine trees showed no 
clear preference to either N source (Brockley 1995).  However, foliar nutrient results 
indicated that S deficiencies may have been induced by N fertilization, and further studies 
were recommended to compare these two N sources under conditions where S and other 
essential nutrients were adequately supplied.  
 
An area-based field experiment (E.P. 886.14) was established in 1999 to study the effects 
of fall-applied urea and AN, applied alone and in combination with other nutrients, on the 
growth and foliar nutrition of naturally regenerated, thinned lodgepole pine.  The 6-year 
results were reported by Brockley (2006b). 
 
Six-year tree growth results indicate that lodgepole pine has no clear preference for fall-
applied urea or AN, when applied alone or when combined with other potential growth-
limiting nutrients.  Six-year stem BA increment was slightly larger with AN than with 
urea, but minimal height response in all fertilized treatments resulted in similar tree and 
stand volume responses for both N sources.   
 
Growth data also indicate that N-deficient lodgepole pine may not respond favourably to 
N fertilization unless other growth-limiting nutrients (especially S) are included with N in 
fertilizer prescriptions.  These results agree with several previous studies, and emphasize 
the importance of using pre-fertilization foliar nutrient data and available foliar nutrient 
interpretative criteria to assist in developing appropriate fertilizer prescriptions for 
lodgepole pine.     
 
Results from this study do not suggest any reason for changing the current practice of 
using urea as the primary N source in large-scale fall fertilizer operations in the interior 
of British Columbia.  However, further studies may be warranted to examine the effect of 
different N fertilizers on the growth of other interior species.   
 
 
Effects of Sitka alder on the growth and foliar nutrition of lodgepole pine 
A long-term field experiment (E.P. 1185) was established in 1995 to study the effects of 
differing levels of Sitka alder retention (0, 500, 1000, 2000 clumps per hectare) on the 
growth and foliar nutrition of young (~ 7-year-old), naturally regenerated lodgepole pine. 
The 9-year post-treatment results of this study were reported by Brockley and Sanborn 
(2007). 
 
The Sitka alder at this site has exhibited vigorous growth during the 9-year study period. 
After 9 years, mean alder height across all alder retention densities was 2.24 m, with the 
tallest clumps, and largest absolute and relative height and crown width increments, being 
associated with the lowest alder density. Seventeen years after harvest, the retained 
clumps in all of the alder retention treatments continue to exhibit modest height growth. 
However, alder percent cover and crown width declined in all alder retention treatments 
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during the 7- to 9-year measurement period, with the largest declines occurring in the 
highest alder retention density treatment. The decline may be associated with very dry 
soil conditions and the observed crown dieback of alder clumps in year 9. The vigour of 
alder crowns was visibly improved the next year. Nevertheless, the widening height 
differential between overtopping lodgepole pine and Sitka alder, and the reduced ability 
of alder to compete with pine for soil and light resources, will likely result in a gradual 
decline in Sitka alder vigour over time.  
 
The 9-year results from this study indicate that low to moderate levels of alder cover 
(<35%) do not significantly inhibit the dbh or height growth of young lodgepole pine 
growing on submesic to mesic sites in the SBSdw3 subzone. Even at the highest alder 
retention density, dbh and height growth of pine trees were not significantly reduced until 
alder percent cover reached 45% (Brockley and Sanborn 2003). Over 9 years, the dbh and 
height growth of pine in the high alder retention treatment were reduced by 9 mm and 42 
cm, respectively compared with the growth of pine in the no alder treatment. However, 
the average height of lodgepole pine, and the average height difference between the pine 
and alder, exceeded free growing guidelines for the SBSdw3 in all of the alder retention 
densities 6 years following treatment (B.C. Ministry of Forests 2000). Because we did not 
measure the growth of lodgepole pine in the untreated stand, where alder percent cover 
averaged about 50% at the beginning of the study, we are not certain that alder control 
was not needed at this SBS site. However, our results indicate that Sitka alder brushing 
on submesic to mesic sites in the SBSdw3 is likely unnecessary unless Sitka alder is taller 
than regenerating lodgepole pine and alder percent cover is uniformly very high (>40–
50%) at early stages of pine development. These results and conclusions are consistent 
with those reported for a pine–alder study in southern British Columbia (Simard et al. 
2006).  
 
The presence of Sitka alder has improved the foliar N status of the young lodgepole pine 
growing on this site. Measurements made over a 3-year period indicate that symbiotic N-
fixation by alder in the 2000 clumps per hectare treatment is contributing 10–15 kg N/ha 
annually (Sanborn et al. 2002). Although this amount is small compared with a typical 
operational fertilizer application (200 kg N/ha), the cumulative N accretion over the 
entire period before canopy closure may largely offset typical N losses from wildfire 
and/or harvesting in these ecosystems. Since Sitka alder can persist as an understorey 
shrub throughout stand development, this N accretion will continue, though likely at a 
reduced rate. The dramatically lower soil N mineralization reported by Simard et al. 
(2006) 15 years after complete alder removal in another study further highlights the 
facilitative effects of Sitka alder N-fixation and nutrient cycling on soil N fertility and the 
potential long-term benefits of an alder understory on tree growth and site productivity.    
 
The facilitative effects of alder retention on lodgepole pine foliar N status in this study 
were partially offset by an imbalance of foliar N relative to other nutrients (especially S). 
Mineral horizons of soils in the interior of British Columbia have very low S 
concentrations (Kishchuk and Brockley 2002). Results from several interior fertilization 
studies indicate that N-deficient lodgepole pine may not respond favourably to N 
fertilization unless S is included in the fertilizer prescription (Sanborn and Brockley 
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2005). Induced S deficiencies (and possibly P and K) caused by high foliar N levels may 
partially explain the smaller dbh and height growth of lodgepole pine in the alder 
retention treatments at this site. 
 
We will continue to monitor this experiment so that the balance between competitive and 
facilitative effects of Sitka alder on lodgepole pine growth and foliar nutrition can be 
evaluated over the long term. 
 
 
Effects of Post-thinning Density on the Growth and Development of Lodgepole Pine 
The 20-year effects of five post-thinning density thinning regimes (500, 1000, 1500, 
2000, 2500 trees per hectare), plus unthinned controls, on the growth of a 7-year-old 
lodgepole pine stand in central British Columbia (EP 922-1) were reported by Johnstone 
(2005).   
 
On an individual-tree basis, spacing had a significant, direct effect on the size and 
persistence of the tree crowns, and thus has had a significant, direct effect on several bole 
characteristics, particularly diameter and volume.  The positive, direct effect of spacing 
on diameter growth resulted in a major upward shift in the diameter distribution of these 
plots.  Consequently, the mean diameters in the spaced plots were significantly larger 
than the mean diameter of the unthinned controls, and within the spaced plots mean 
diameter increased with available growing space.  The effect of spacing on height was 
less clear and less dramatic, and the trees at the widest spacings were neither the tallest 
nor the fastest growing.  Spacing also had a significant effect on the height-diameter 
ratios indicating that, for a given diameter, trees at the wider spacings are substantially 
shorter than trees at the closer spacings and in the unthinned controls.  Conversely, for a 
given height, trees at the wider spacings have larger diameters and, presumably, greater 
taper.  Spacing, because of its effect on diameter and even in the absence of a 
concomitant height effect, had a significant, direct effect on individual-tree bole volume, 
particularly merchantable volume.   
 
Significant mortality occurred in the unthinned controls; while survival was high in the 
spaced plots and appeared to be unaffected by spacing intensity. On an area basis, both 
stand basal area and stand total volume were significantly higher in the unthinned 
controls than in the thinned plots. However, during the last 5-year period, spacing did not 
significantly affect the net growth rate of either basal area or volume. Despite larger and 
faster growing trees at the wider spacings, both basal area and total volume were 
inversely related to spacing level. The opposite was generally true of the relationship 
between spacing level and stand merchantable volume. 
 
This study is still too young to permit the identification of a spacing level that will 
optimize individual-tree size while maximizing the yield of desired products on an area 
basis.  However, the 20-year results demonstrate the need for forest managers to clearly 
identify and define their future forest management objectives. The observed increases in 
the size and persistence of crowns, and the apparent increase in bole taper observed at 
wider spacings may have serious implications with respect to wood quality.  Before 
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choosing a wide spacing, the manager should consider the trade-offs between larger, 
more valuable trees (due to higher lumber recovery factors, and lower harvesting and 
processing costs) versus lower wood quality (due to greater bole taper, larger knots, a 
higher proportion of juvenile wood, and lower wood densities).  
 
Hastening the development of merchantable trees also has some major implications with 
respect to the future management of the stand.  Early spacing can create an opportunity 
for early commercial thinning; however, this possibility must be taken into consideration 
when selecting the initial spacing.  Furthermore, the earlier accumulation of merchantable 
volume through juvenile spacing may shorten technical rotations (achieving target-tree 
characteristics or size) and, therefore, may be a useful technique for addressing age-class 
imbalances in the timber supply, or for mitigating or for reducing the risks of catastrophic 
loses to pests that normally attack older stands. 
 
 
Douglas-fir Thinning Experiments in the Interior of British Columbia 
Starting in 1982, a series of long-term experiments (E.P. 922) was undertaken to 
determine the effects of precommerical thinning on the future growth and yield of various 
interior species growing under a variety of age, site, and stand conditions, and to provide 
a local data source for the calibration and validation of our growth and yield models.  To 
date, 14 installations have been established in the interior, of which 11 were established 
in lodgepole pine stands (Johnstone and van Thienen 2004).  The three other installations 
in the series were established in interior Douglas-fir stands in the Central Cariboo Forest 
District.  Preliminary results from these three installations (observation periods vary from 
10 to 15 years) were reported by Johnstone and van Thienen (2006).   

 
In all of the trials, the most dramatic individual-tree response to thinning was observed in 
terms of diameter and merchantable volume, and the magnitude of this response 
generally increased with thinning intensity.  Direct comparisons of individual-tree size 
between thinned and unthinned stands can be misleading because the thinning, 
particularly when done from below (as in these trials), removes the smaller trees and 
thereby immediately increases the mean tree size of the thinned stand.  Although crop-
tree comparisons (a fixed number of the largest trees in each treatment) are not presented 
in this report, the diameter increment and stand-table results clearly demonstrate that, 
given sufficient time, thinning will shift the growing stock into larger diameter classes.  
The effect of thinning on tree height was less dramatic and less conclusive, but did not 
appear to be affected by age at the time of thinning.   

 
In two of the three trials, the basal area and total volume of the thinned plots is well 
below that of the unthinned plots, but sufficient time has yet to elapse since treatment to 
indicate whether the thinned plots will ever catch up to their unthinned counterparts.  
However, in all of the trials, the more lightly thinned plots have now equalled or 
surpassed the unthinned plots in terms of stand merchantable volume.  Here too, 
sufficient time has yet to elapse since treatment to indicate whether enough trees in the 
unthinned stands will cross the merchantability threshold to offset this thinning 
advantage.   
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The trials also provide some insight into the degree to which thinning may increase some 
risks and reduce others associated with managing Douglas-fir.  Of considerable concern 
is the extent to which thinning increases risk of snow and wind damage immediately after 
treatment.   Because they were grown under high stand density conditions, which resulted 
in short crowns and low bole taper, the trees in these studies were highly susceptible to 
windthrow and breakage.  The ratio of tree height to dbh (slenderness coefficient) appears 
to provide a simple estimate of a tree’s potential to resist wind damage.  The smaller the 
coefficient, the greater the wind stability and resistance to breakage of the tree. Although 
these studies indicate that coefficients, and thus the risks, will decline with time 
following thinning, the results suggest that forest managers should temper their treatment 
prescriptions and yield expectations when thinning dense stands in wind- or snowpress-
prone areas.   
 
The results from these studies clearly demonstrate the need for forest managers to 
consider the trade-off between individual-tree piece-size and per-hectare yield when 
prescribing thinning treatments in interior Douglas-fir stands.  Furthermore, they 
demonstrate that thinning prescriptions must: 

- be developed and applied on a site- and stand-specific basis; 
- maintain an adequate level of growing stock to capture the productivity of the 

site; and 
- provide sufficient time, prior to harvest, to allow for accumulation of increment. 

 
Continued maintenance, measurement, and analysis of these trials will contribute to our 
understanding of the management of interior Douglas-fir, to the further development and 
refinement of our stand management prescriptions, and to the long-term growth and yield 
database required for adequately calibrating and validating our yield models.   
 
 
Effects of Initial Spacing and Rectangularity on the Growth of Hybrid Poplar 
The 9-year results from the hybrid poplar density study were formally reported by 
Johnstone (2007). 
 
The hybrid poplar plantations in this study were highly productive at both locations. The 
highest total volume mean annual increment (m.a.i.), after 9 years, at Carey Island was 
25.4 m3/ha/yr, and a m.a.i. of 27.5 m3/ha/yr was observed at KFC. The study also shows 
that, if irrigation is available, highly productive plantations of hybrid poplars can be 
successfully grown on intemperate southern interior sites in British Columbia. 
 
This study clearly demonstrates the extent to which initial spacing can affect the early 
growth and development of young, hybrid poplar plantations. With the possible exception 
of height development, the results observed generally conform to existing growth and 
yield theory. On an individual-tree basis, spacing had a significant, direct effect, not only 
on diameter and volume, but also, to a lesser extent, on height. In terms of 9-year mean 
diameter, the trees at the widest spacings were 119 and 89% larger than at the closest 
spacings for Carey Island and KFC, respectively. Similarly, the 9-year mean height was 
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roughly 30% taller at the widest compared to the closest spacing at both locations. As a 
result of these increases in both diameter and height with increases in available growing 
space, even larger increases in individual-tree total and merchantable volumes were 
observed at both locations, although the largest increases did not occur in the widest 
spacing at Carey Island. Spacing also had a significant effect on the height-diameter 
ratios indicating that, for a given diameter, trees at the wider spacings are substantially 
shorter than trees at the closer spacings. Conversely, for a given height, trees at the wider 
spacings have larger diameters and, presumably, greater taper. 
 
Although not statistically significant, basal area and volume per hectare were inversely 
related to spacing. At Carey Island, both basal area and stand total volume were highest 
in the 2.25 m × 2.25 m spacing. At KFC, basal area was highest in the1.5 m ×1.5 m 
spacing, and the highest total volume occurred at the 2.25 m × 2.25 m spacing. At KFC, 
the highest stand merchantable volume was observed in the 1975 trees/ha, and at Carey 
Island, the highest merchantable volume occurred at 988 trees/ha. The results clearly 
demonstrate the need for forest managers to consider the trade-off between individual-
tree piece-size and per-hectare yield when developing stocking standards for hybrid 
poplar plantations. The absence of a rectangularity effect suggests that it is possible to 
reduce within-row spacing and increase between-row spacing in order to maintain a 
desired density while providing access for cultivation and weed control, or for 
intermediate harvests. Although it appears that competitive mortality may have begun at 
the KFC site, it is unclear to what extent this will affect future yields.  
 
 
Nutrient Cycling 
 
Long-term Soil and Foliar Responses to Sulphate-S and Elemental S Fertilization 
Sanborn et al. (2005) reported the long-term S status of an initially S-deficient lodgepole 
pine stand in the BC central interior, where both SO4-S and S0 were applied in 1990.  
Foliar S concentrations, soil S fractions, and S mineralization behaviour are compared in 
relation to fertilizer S source. 
 
 
Results indicated that forest floor total S and ester sulphate-S concentrations and 
cumulative net S mineralization were significantly higher in the S0 treatment than in the 
control and AS treatment.  Except for a small elevation of extractable sulphate-S, such 
differences were absent in the mineral soil.  Current-year (2002) lodgepole pine foliage 
from the S0 treatment had total S and sulphate-S concentrations that were significantly 
higher than in foliage from the control and AS treatment, while foliar N concentrations 
indicated that all treatments had returned to N-deficiency. 
 
These findings may have practical implications for nutrition management of S-deficient 
lodgepole pine in the B.C. interior.  Twelve years after fertilization, the low foliar  N 
levels in these N+S treatments  indicate that the stand might benefit from additional N 
fertilization.  Based on the low foliar SO4-S levels in the AS plots, a combined 
application of N and S would likely be required to ensure favourable growth response 
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following re-fertilization of this stand if the previous treatment had used AS as the S 
source (Brockley 2000).  However, the higher foliar SO4-S levels in the S0 treatment 
indicate that S could likely be excluded from the fertilizer prescription if S0 had been 
used as the S source in the previous fertilization.  These results indicate that a single 
elemental S application may provide long-term amelioration of S deficiency. 
 
 
CONCLUSIONS AND MANAGEMENT IMPLICATIONS 
 
The interior stand management research program continues to provide reliable, 
scientifically based estimates of the growth and yield impacts of different stand 
management activities in managed interior forests.  Long-term remeasurement data from 
these installations provides essential data for the continuing development, calibration and 
modification of prediction systems and decision tools used in silvicultural planning and 
timber supply analysis, and for making appropriate stand management prescriptions to 
achieve specific volume and product objectives.  Ancillary studies at selected stand 
management research sites are adding to our understanding of the long-term impacts of 
stand management treatments on nutrient cycling dynamics. 
 
Some key findings from our stand management research during the 3-year project term 
include: 
 

1. Despite large differences in short-term availability of AS and S0, the results from 
our sulphur source experiment indicate that the two S sources are likely equally 
effective in alleviating S deficiencies and in promoting tree growth of S deficient 
lodgepole pine (Brockley 2004).  Because S0 fertilizers are less bulky (i.e., higher 
S content) than sulphate products, and assuming they are compatible for blending 
with nitrogenous fertilizer (e.g., urea), S0 may be the most cost-effective option 
where there is a requirement for N and S in operational fertilizer prescriptions.  
Also, our study of the residual effects of S additions on soil and foliar S levels 
indicates that a single elemental S application may provide longer-term 
amelioration of S deficiency than sulphate sources. 

2. Published results from our fertilizer x thinning study indicate that the combined 
positive effects of thinning and fertilization on the growth of young lodgepole 
pine will accelerate stand operability, thereby shortening technical rotation length 
(Brockley 2005).  Results also indicate that significant growth gains following 
fertilization of thinned lodgepole pine will partially compensate for stand volume 
losses due to thinning.  However, fertilization may be less effective at low stand 
densities, where negative effects of thinning on harvest volume are greatest.  
Vigorous response of understory vegetation to nutrient additions (and strong 
competition for water and nutrients) may reduce the effectiveness of fertilization 
on tree growth at low stand densities.   

3. Published results from Douglas-fir fertilization research trials indicate that interior 
Douglas-fir stands growing on circummesic sites within the ICH zone are 
generally responsive to fertilization (Brockley 2006a).  Relative growth responses 
compare favourably with results from Douglas-fir fertilization studies in other 
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jurisdictions.  Results also indicate that pre-fertilization levels of foliar N and SO4 
may have utility in selecting candidate stands and in making appropriate fertilizer 
prescriptions. For example, the largest growth responses following fertilization 
may be expected in stands with pre-fertilization foliar N levels less than 11.5 g/kg 
(< 13 g/kg when using dry combustion analytical methods). Also, low foliar N 
combined with small amounts of pre-fertilization foliar SO4 (< 200 mg/kg) may 
indicate that additional growth gains can be achieved by blending S with N in 
fertilizer prescriptions.  Additional Douglas-fir fertilizer trials are needed to test 
and refine these preliminary guidelines for wet-belt Douglas-fir in the interior of 
British Columbia. 

4. The published results from our N source fertilizer trial indicate that lodgepole 
pine has no clear preference for a particular nitrogen (N) source, when applied 
alone or when combined with other potential growth-limiting nutrients (Brockley 
2006b).  Results also indicate that N-deficient lodgepole pine may not respond 
favourably to N fertilization unless other nutrients are combined with N in the 
fertilizer prescription.  When applied alone, the relative ineffectiveness of fall-
applied AN and urea in stimulating tree growth at this site is apparently explained 
by induced deficiencies of other nutrients (especially S).  Foliar nutrient status 
and growth were significantly improved by including a Complete fertilizer with 
both N sources.  Results from this study do not suggest any reason for changing 
the current practice of using urea as the primary N source in large-scale fall 
fertilizer operations in the interior of British Columbia.  However, further studies 
may be warranted to examine the effect of different N fertilizers on the growth of 
other interior species.   

5. The published results from our retrospective study of a 12-year-old fertilization 
trial confirmed that a single application of S0 provided a lasting improvement in 
forest floor S availability and foliar S status, whereas the beneficial effects of 
added sulphate-S on foliar and soil S levels had largely disappeared (Sanborn et 
al. 2005).  These results suggest that a single application of S0 (with N) may 
provide prolonged amelioration of S deficiency in managed lodgepole pine stands 
while producing volume-growth rates that differ little from those obtained after 
fertilization with readily available ammonium sulphate. 

6. The published results from our Sitka alder/pine study indicate that brushing on 
submesic to mesic sites in the SBSdw3 is likely unnecessary unless Sitka alder is 
taller than regenerating lodgepole pine and alder percent cover is uniformly very 
high (>40–50%) at early stages of pine development (Brockley and Sanborn 
2007). The presence of Sitka alder improved the foliar nitrogen (N) concentration 
of young lodgepole pine growing on this site. However, the facilitative effects of 
alder retention on pine foliar N status were partially offset by an imbalance of 
foliar N relative to other nutrients (especially sulphur, S). Deficiencies of S (and 
possibly P and potassium, K) induced by high foliar N levels may partially 
explain the smaller dbh and height growth of lodgepole pine in the alder retention 
treatments at this site.  

7. The 20-year results from a pre-commercial thinning trial demonstrate the need for 
forest managers to clearly identify and define their future forest management 
objectives (Johnstone 2005).  Before choosing a wide spacing, the manager 
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should consider the trade-offs between larger, more valuable trees (due to higher 
lumber recovery factors, and lower harvesting and processing costs) versus lower 
wood quality (due to greater bole taper, larger knots, a higher proportion of 
juvenile wood, and lower wood densities).  The earlier accumulation of 
merchantable volume through early density control may shorten technical 
rotations (achieving target-tree characteristics or size) and, therefore, may be a 
useful technique for addressing age-class imbalances in the timber supply, or for 
mitigating or for reducing the risks of catastrophic loses to pests that normally 
attack older stands. 

8. The results from our hybrid poplar planting density study will facilitate 
determination of optimum stocking levels for poplar plantations (Johnstone 2007).  
Our results clearly demonstrate the need for forest managers to consider the trade-
off between individual-tree piece-size and per-hectare yield when developing 
stocking standards for hybrid poplar plantations. The absence of a rectangularity 
effect suggests that it is possible to reduce within-row spacing and increase 
between-row spacing in order to maintain a desired density while providing 
access for cultivation or for intermediate harvests.  This experiment has also 
demonstrated that the plaid design makes very efficient use of available land, 
materials and growing stock. This is a very important consideration because of the 
significant maintenance and measurement costs associated with long-term forestry 
growth and yield experiments.  
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Table 1.  Distribution of re-measurements by treatment, EP, species, and BEC zone 
        
  Inst.  BEC Year Age @ Remeas. 
Treatment EP No. Sp Zone Estab. Estab. No. 
Fertilization 886.01 17 Pl IDF 1992 19 12-yr 
Fertilization 886.01 18 Pl SBPS 1992 19 12-yr 
Fertilization 886.01 19 Sx SBS 1992 25 12-yr 
Fertilization 886.01 20 Sx SBS 1992 30 12-yr 
Fertilization 886.01 21 Sx ICH 1992 19 12-yr 
Fertilization 886.01 22  Sx ICH 1993 19 12-yr 
Fertilization 886.01 23 Fd ICH 1993 18 12-yr 
Fertilization 886.01 24 Pl ICH 1993 20 12-yr 
Fertilization 886.01 25 Fd ICH 1993 24 12-yr 
Fertilization 886.01 26 Fd ICH 1994 24 12-yr 
Fertilization 886.01 27 Sx ESSF 1994 22 12-yr 
Fertilization 886.01 28 Fd ICH 1994 23 12-yr 
Fertilization 886.01 29 Sx ICH 1994 25 12-yr 
Fertilization 886.01 30 Fd ICH 1996 34 9-yr 
Fertilization 886.01 31 Pl ICH 1996 22 9-yr 
Fertilization 886.01 32 Pl IDF 1996 22 9-yr 
Fertilization 886.01 33 Pl SBS 1996 20 9-yr 
Fertilization 886.01 34 Pl SBS 1996 22 9-yr 
Fertilization 886.01 36 Pl SBPS 1997 21 9-yr 
Fertilization 886.01 37 Fd ICH 1997 25 9-yr 
Fertilization 886.01 38 Pl SBS 1997 40 9-yr 
Fertilization 886.01 39 Pl MS 1998 24 6-yr 
Fertilization 886.01 40 Pl MS 1998 21 6-yr 
Fertilization 886.01 41 Pl MS 1998 19 6-yr 
Fertilization 886.01 42b Sx SBS 2000 26 6-yr 
Fertilization 886.01 43 Pl SBS 2000 21 6-yr 
Fertilization 886.01 44 Sx SBS 2000 20 6-yr 
Fertilization 886.01 45 Sx SBS 2000 25 6-yr 
Fertilization 886.01 46 Pl MS 2001 40 3-yr 
Fertilization 886.01 47 Pl MS 2001 39 3-yr 
Fertilization 886.01 48 Pl SBS 2002 44 3-yr 
Fertilization 886.01 42a Pl SBS 1999 24 6-yr 
Pre-commercial thin 922 5 Pl SBS 1985 58 20-yr 
Pre-commercial thin 922  9 Fd SBS 1989 50 15-yr 
Pre-commercial thin 922 14 Fd ICH 1994 30 10-yr 
Density x thin 962 1 Pl SBS 1987 0 20-yr 
Planting density 964 4 Sx SBS 1986 0 20-yr 
Planting density 964 6 Pl SBS 1987 0 20-yr 
Planting density 964 7 Pl SBS 1987 0 20-yr 
Planting density 964 8 Fd ICH 1987 0 20-yr 
Planting density 964 9.1 Pl MS 1987 0 20-yr 
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Planting density 964 14 Pl SBS 1991 0 15-yr 
Planting density 964 15 Sx SBS 1991 0 15-yr 
Planting density 964 16 Fd ICH 1992 0 15-yr 
Planting density 964 23 Sx MS 1995 0 10-yr 
Planting density 964 24 Fd ICH 1996 0 10-yr 
Planting density 964 25 Lw ICH 1997 0 10-yr 
Planting density 964 26 Sx ESSF 2000 0 5-yr 
Planting density 1181 2 A CWH 1994 0 12-yr 
Planting density 1181 3 A IDF 1995 0 12-yr 
Commercial thin 1184 1 Fd SBS 1994 65 10-yr 
Pine/alder thin 1185 1 Pl/D SBS 1995 7 9-yr 
 


