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ABSTRACT 
 
Beginning in 1992, a small network of lodgepole pine and interior spruce “maximum 
productivity” field installations (EP 886.13) was established by the B.C. Ministry of 
Forests, Research Branch on representative sites within three major biogeoclimatic zones 
in the interior of British Columbia.  The objectives of the project are to determine the 
potential productivity impacts of repeatedly fertilizing young, interior managed forests 
and to examine the effects of large nutrient additions on above- and below-ground timber 
and non-timber resources.  Growth responses from interior spruce and lodgepole pine 
“maximum productivity” fertilizer research trials are currently tracking along pathways 
similar to Scots pine and Norway spruce “optimum nutrition” trials in Sweden.  Young 
interior spruce plantations are apparently particularly well suited to “high input” 
silviculture.  To date, the largest spruce responses are associated with the most intensive 
fertilization treatments.  In contrast, large, and frequent, nitrogen additions have 
apparently caused foliar nutrient imbalances, changes in soil biota community structure 
and fine root attributes, and growth disruptions at some lodgepole pine study sites.  The 
results from a white pine weevil study at the three spruce study sites indicate that 
fertilization of young spruce plantations in the SBSwk and SBSmk biogeoclimatic 
subzones will likely exacerbate leader damage by the white pine weevil.  However, 
despite the increased incidence of weevil damage to fertilized trees, the height losses due 
to weevil attack are not as great as the height gains due to fertilization.  When combined 
with large increases in stem radial increment, the beneficial effects of fertilization on the 
growth of young interior spruce plantations in the SBSwk and SBSmk subzones likely 
outweigh the negative effects associated with increased incidence and severity of leader 
damage from the white pine weevil.  Our results also indicate that large-scale fertilization 
of spruce plantations in the SBSmc biogeoclimatic subzone probably entails a low risk of 
increasing damage by the white pine weevil.  When combined with the selection and 
breeding of weevil-resistant genotypes and improved pest management strategies, our 
results indicate that fertilization likely offers great potential for improving the 
productivity of second-growth spruce plantations in the interior of British Columbia.  
The differences in soil biota and fine root responses to intensive fertilization at one 
lodgepole pine and one spruce study site generally correspond with the differences in 
aboveground tree growth responses between these two species.  The neutral or positive 
effects on spruce fine root length and vigour, mycorrhizal colonization, and soil 
mesofauna were associated with extremely positive tree growth responses.  The negative 
effects of repeated fertilization on lodgepole pine fine roots, mycorrhizal colonization, 
and mesofauna (especially at the ON2 level) were associated with much smaller growth 
responses.  Given other stand and site differences at the two sampled sites, we can’t 
attribute the different responses of fine roots, ectomycorrhizas and soil mesofauna at the 
two sites to a specific cause, nor can we state with certainty that the differences in 
aboveground tree growth responses of lodgepole pine and spruce are directly linked with 
the belowground changes.  Further research is needed to explore the link between 
species, fertilization, fine roots, soil biota, and nutrient cycling at all of the active 
“maximum productivity” study sites.   
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INTRODUCTION 
 
Without strategic intervention, age class imbalances in the timber inventory and 
catastrophic mortality losses from the mountain pine beetle (Dendroctonus ponderosae 
Hopk.) will likely result in significant mid-term timber supply shortfalls in several 
interior forest management units.  Increasing the productivity and accelerating the 
development of young, managed forests is a primary objective of several timber supply 
mitigation strategies being developed for interior Timber Supply Areas and Tree Farm 
Licences. 
 
Fertilization is the most proven silvicultural treatment for increasing harvest volume and 
accelerating the operability of established stands.  A single fertilizer application typically 
produces only a temporary increase in tree and stand growth (usually 6-9 years).  
However, fertilization research in other forest regions has indicated that sustained growth 
responses, and large reductions in rotation length, are achievable by repeatedly fertilizing 
young conifer stands.  To what extent can intensive fertilization potentially mitigate mid-
term timber supply shortfalls in the B.C. interior?  What are the potential long-term 
ecological consequences of adding large quantities of nutrients to interior forests?  The 
“maximum productivity” project was initiated by the B.C. Ministry of Forests Research 
Branch to provide forest planners and practitioners with reliable answers to these 
important questions. 
 
Beginning in 1992, a small network of lodgepole pine (Pinus contorta Dougl. var. 
latifolia Engelm.) and interior spruce (Picea glauca [Moench] Voss and Picea 
engelmannii Parry, or naturally occurring hybrids of these species) “maximum 
productivity” field installations (EP 886.13) was established by the B.C. Ministry of 
Forests, Research Branch on representative sites within three major biogeoclimatic zones 
in the interior of British Columbia.  A total of nine installations (6 pine and 3 spruce) 
were established in 9- to 15-year-old plantations and juvenile-spaced, harvest-origin 
stands between 1992 and 1999.  One of the naturally regenerated pine installations was 
abandoned in 2003 following severe stem damage caused by red squirrel (Tamiasciurus 
hudsonicus Erxleben) feeding injuries.  The three spruce installations were established in 
three different subzones of the Sub-Boreal Spruce (SBS) biogeoclimatic zone (Meidinger 
and Pojar 1991), representing a broad range of climatic conditions.  Three of the 
lodgepole pine installations were also established in the SBS zone, while the other two 
remaining pine sites are in the Engelmann Spruce—Subalpine Fir (ESSF) and Montane 
Spruce (MS) biogeoclimatic zones (Meidinger and Pojar 1991). 
 
The growth and yield objectives of the “maximum productivity” study are to:  

• compare the effects of different regimes and frequencies of repeated 
fertilization on the growth, and development of young lodgepole pine and 
interior spruce managed forests in the interior of British Columbia; 

• determine optimum fertilization regimes for maximum stand volume 
production under field conditions; and 

• identify foliar nutrient concentrations, and nutrient ratios, associated with 
fertilization regimes producing maximum growth.   



 4

 
Because the infrastructure and treatments are already in place, the “maximum 
productivity” installations offer efficient and cost-effective environments for conducting 
companion studies to determine the long-term effects of large nutrient additions on 
ecosystem structure, function and processes.  In collaboration with other scientists, 
several studies have been undertaken at selected study sites to document the effects of 
large nutrient additions on above- and below-ground timber and non-timber forest 
resources such as: 
• white pine weevil activity and tree defence mechanisms 
• soil microbial activity, mesofauna, mycorrhizae and fine root characteristics 
• soil chemistry and forest floor mass 
• litterfall and litter decomposition 
• leaf area, foliar productivity, and growth efficiency 
• sapwood hydraulic properties 
• needle longevity 
 
The purpose of this report is to summarize the project activities, results, and reporting 
during the 3-year project term (2004/05 to 2006/07).  A complete description of the 
“maximum productivity” project is contained in the published establishment report 
(Brockley and Simpson 2004).  Information is also available on the B.C. Ministry of 
Forests and Range, Research Branch website at 
http://www.for.gov.bc.ca/hre/standman/maxprod/index.htm.  
 
 
METHODS 
 
Location, Site and Stand Descriptions 
 
The distribution of installations by species, stand origin, and BEC subzone is shown in 
Table 1.  Detailed stand and site descriptions of individual field installations are provided 
in Brockley and Simpson (2004). 
 
 
Treatment Description 
 
At each site, six treatments are replicated three times for a total of 18, area-based 
treatment plots.  The six treatments are: 
 
1. Control (i.e., not fertilized) 
2. NB – fertilize every 6 years with (kg/ha): 200N, 1.5B 
3. NSB – fertilize every 6 years with (kg/ha): 200N, 50S, 1.5B 
4. Complete – fertilize every 6 years with (kg/ha): 200N, 100P, 100K, 50S, 25Mg, 1.5B 
5. ON1 – yearly fertilization to maintain foliar N concentration at 1.3% and other 

nutrients in balance with foliar N 
6. ON2 – yearly fertilization to maintain foliar N concentration at 1.6% and other 

nutrients in balance with foliar N 
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All of the fertilization regimes include boron (B) to safeguard against the possibility of B 
deficiencies induced by repeated N additions.  Treatments 3 and 4 are included to test for 
incremental growth responses attributable to sulphur (S) and other added nutrients.  
Previous studies have clearly demonstrated B and S deficiencies in interior forests 
(Brockley 1996, 2000, 2003, 2004).  The ON1 and ON2 treatments are patterned after 
Scots pine and Norway spruce “optimum nutrition” experiments in Sweden (Tamm 1991; 
Tamm et al. 1999), and typically receive 50-100 kg N/ha and 100-200 kg N/ha, 
respectively, each spring.  Other nutrients (P, K, Mg, S, B, Cu, Fe) are added periodically 
to provide an appropriate nutrient balance and to minimize growth limitations caused by 
secondary deficiencies. 
 
 
Table 1.  Distribution of “maximum productivity” installations by species, stand 

origin and BEC subzone 
       
Install.   Stand BEC Year. Age @ 
No. Location Species Origin Subzone Estab. estab. 
1 Sheridan Creek† Pl N SBSdw2 1992 13 
2 Kenneth Creek‡ Pl P SBSwk1 1993 12 
3 Crow Creek Sx P SBSmc2 1994 10 
4 McKendrick Pass Pl P ESSFmc 1995 9 
5 Lodi Lake Sx P SBSwk1 1995 11 
6 Tutu Creek Pl P SBSmk2 1995 10 
7 Crater Lake Pl N MSxv 1996 15 
9 Hand Lake Sx P SBSmk1 1999 14 
 

† attacked by the mountain pine beetle in 2005 and subsequently abandoned 
‡ attacked by the mountain pine beetle in 2006 and subsequently abandoned 
 
 
Plot Establishment 

 
Each installation consists of 18 rectangular, 0.164-ha treatment plots.  Each treatment 
plot consists of an inner, square 0.058-ha ‘assessment’ plot surrounded by a treated 
buffer.  The assessment plot is offset at one end of the treatment plot to reserve an 
enlarged buffer area for future destructive sampling.  Three sides of the assessment plot 
are surrounded by a 6.04-m buffer; the buffer on the fourth side is 15.1 m wide. 
   
Each treatment plot contains approximately 180 crop trees, equivalent to a stand density 
of 1100 stems per hectare at 3-m square spacing.  Growth analyses for each plot are 
based on periodic measurement of 64 permanently tagged trees within the inner 
assessment plot.  Surplus trees within the assessment plot and buffer were selected and 
removed at the time of plot establishment.  Conifer and broadleaf ingress is periodically 
removed from treatment plots. 
  
At each study site, treatment plots were systematically located so that within- and 
between-plot conditions (e.g., stand density, tree height, tree dbh, soil characteristics, and 



 6

minor vegetation) were as uniform as possible.  A minimum distance of 5 m separates the 
outer boundaries of adjacent treatment plots.  A minimum distance of 20 m separates the 
outer treatment plot boundaries from major disturbances (e.g., roads or large stand 
openings). 
 
At four study sites (Kenneth, Crow Creek, Tutu Creek, and Hand Lake), treatments were 
randomly assigned to each of the plots such that each treatment was applied to three plots 
(i.e., completely randomized experimental design).  At the four other sites (Sheridan 
Creek, McKendrick Pass, Lodi Lake, and Crater Lake), geographic separation of plots or 
possible site differences (e.g., slope position) dictated a randomized complete block 
experimental design.  In these cases, treatment plots were grouped into three blocks (e.g., 
6 plots per block) such that site and stand conditions were as uniform as possible within 
each block (e.g., upper, middle, lower slope position).  Each of the six treatments was 
randomly assigned to one plot within each block. 
 
 
Foliar Sampling and Analysis 
 
Replicated samples of current year’s foliage are collected from control, ON1 and ON2 
treatment plots each fall (late September to late October).  For all other treatments (i.e., 
NB, NSB, and Complete), foliage is collected in the fall prior to each fertilizer 
application and after the 1st and 6th growing seasons following fertilization.  
 
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. 
 
 
Fertilization 
 
At each study site, all NB, NSB, and Complete treatment plots were fertilized in the 
spring following installation establishment and are re-fertilized every 6 years.     
 
The NB treatment is a customized combination of urea (46-0-0; N-P-K) and granular 
borate (15% B) blended to deliver 200 kg N/ha (200N) and 1.5 kg B/ha (1.5B). 
   
Urea, ammonium sulphate (21-0-0-24; N-P-K-S), and granular borate are combined to 
deliver 200N, 50S, and 1.5B in the NSB treatment. 
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In the Complete treatment, urea is the major source of N.  A small amount of N (24% of 
the total) is added as monoammonium phosphate (11-52-0; N-P-K), which also serves as 
the P source.  Potassium is delivered as potassium chloride (0-0-60; N-P-K) and sulphate 
potash magnesia (0-0-22-22-11; N-P-K-S-Mg).  The latter fertilizer is also the source of S 
and Mg.  As in the NB and NSB treatments, B is added as granular borate.  The 
individual sources are combined to deliver 200N, 100P, 100K, 50S, 25Mg and 1.5B. 
 
Yearly fertilizer prescriptions for ON1 and ON2 treatments are developed following foliar 
sampling and nutrient analysis each fall.  Individual nutrients are included in customized 
blends in amounts and frequencies that are required to maintain individual foliar nutrient 
levels, and nutrient ratios (e.g., N/P, N/K, N/S, N/Mg) within suitable ranges as indicated 
in published forest nutrition literature (Ingestad 1979; Linder 1995; Brockley 2001).  
Specifically, the upper threshold targets for foliar nutrient ratios are as follows: N/P – 10, 
N/K – 3, N/S – 14.5, N/Mg – 20, N/Ca – 20; N/B – 1000; N/Fe – 500; N/Cu – 5000.   
Customized fertilizer blends are applied to the ON1 and ON2 treatment plots each spring, 
soon after snowmelt.  Urea is the primary N source for ON1 and ON2 fertilization at all 
study sites.  Additional sources of N are monoammonium phosphate and ammonium 
nitrate (34-0-0; N-P-K).  Phosphorus is always added as monoammonium phosphate.  
Sulphate potash magnesia is used extensively as a source of K, S, and Mg.  Potassium 
chloride, ammonium sulphate and ProMag 36 (36% Mg) are used to supply additional K, 
S, and Mg, respectively.  Boron is supplied as granular borate. 
 
 
Measurement 
 
At each installation, the diameter at breast height (dbh), total height, and height to live 
crown of all 64 tagged trees within each measurement plot was measured at the time of 
establishment.  Remeasurements are scheduled for 3-year intervals thereafter.  Standard 
codes are used to describe the condition and form of each tagged tree at each 
remeasurement. Beginning in 2003, the crown width (i.e., the vertically projected 
maximum horizontal distance between opposite crown margins) of each tagged tree is 
also measured and recorded. 
 
Diameter measurements are taken with a steel diameter tape at a permanently marked 
point approximately 1.30 m above ground level.  Heights are measured with a telescoping 
height pole or with an electronic measuring device (Forestor Vertex® hypsometer).  
Height to live crown is measured with a telescoping height pole, and crown width is 
measured in two directions (at right angles) with a steel measuring tape. 
 
All eight “maximum productivity trials were re-measured during the 3-year project term.  
The Sheridan Creek, Kenneth Creek, and Crow Creek installations received 12-year re-
measurements.  Nine-year remeasurements were completed at four study sites 
(McKendrick Pass, Lodi Lake, Tutu Creek, and Crater Lake), and the 6-year 
remeasurement was undertaken at Hand Lake.    
 
 



 8

Leaf Area Index 
 
Leaf area index (LAI, leaf area per unit ground area) is considered to be one of the major 
factors that influence forest productivity and stand dynamics.  LAI can vary considerably 
among stands growing in different environments. The amount of leaf area on a tree 
depends upon both needle production and needle retention, both of which can be 
influenced by edaphic or climatic factors as well as by crown closure.  Several 
fertilization studies have attributed the increases in tree growth following N additions to 
the combined positive effects of added N on leaf area and foliar photosynthetic rate.  
Evidence from these studies indicates that increased leaf area is the more important of 
these two mechanisms (Brix 1983; Vose and Allen 1988). 
 
The development of effective stand leaf area index (LAIe) (Chen and Black 19991) is 
being monitored at each “maximum productivity” installation, with measurements timed 
to coincide with 3-year growth measurements.  In addition, yearly LAIe measurements 
are being conducted at three field locations in order to monitor year-to-year changes in 
LAIe.   
 
Field measurements are made in late spring immediately prior to bud flush following the 
previous fall’s growth measurement.  The measurement of LAIe following foliage 
abscission in the fall and before bud flush in the spring ensures a relatively stable 
environment that will facilitate year-to-year comparison of LAIe development in 
“maximum productivity” installations.   
 
Effective leaf area index is measured with a Li-Cor LAI-2000 plant canopy analyzer (Li-
Cor 1991).  Within each treatment plot, measurements are obtained at a height of 80-100 
cm above the ground at the nine permanently marked points used to facilitate fertilizer 
application.  Two readings are obtained at each point, one facing northwest and the other 
facing northeast before and after solar noon, respectively.   Sensors are equipped with a 
180-degree view cap.  Simultaneously, above canopy light measurements are collected in 
an open area adjacent to the study site where the light sensor has an unobstructed view of 
the sky. 
 
This report includes 12-year LAIe measurements from Sheridan Creek and Crow Creek, 
and 9-year measurements from McKendrick Pass, Lodi Lake, and Tutu Creek.  The 
report also summarizes consecutive-year LAIe measurements obtained at Kenneth Creek 
(years 7 to 12), Crater Lake (years 5 to 9), and Hand Lake (years 2 to 6). 
 
 
Sapwood Hydraulic Properties 
 
Sapwood permeability to water flow has a strong influence on photosynthesis and 
productivity because it affects stomatal conductance responses to dynamic water stress 
and influences the leaf area that can be supported by a given area of sapwood.  Water 
flow through sapwood is a function of tracheid anatomy, which changes with lumen 
diameter and length, both of which increase with site quality.  Protz et al. (2000) 
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suggested that crown recession (death of lower branches) is driven by a reduction in 
branch sapwood hydraulic permeability, in addition to insufficient light to drive 
photosynthesis (Mäkelä 1997) leading to less annual radial increment on lower branches, 
and therefore reduced permeability.  Dominant and co-dominant lodgepole pine trees on 
sites of medium fertility have greater sapwood permeability than suppressed trees 
because they have a greater proportion of earlywood in the outer sapwood rings (Reid et 
al. 2003). By improving tree vigour, annual fertilization may cause changes to sapwood 
hydraulic characteristics and stomatal conductance that determine, in part, the magnitude 
and pattern of tree growth response to fertilization. However, there have been no 
published studies on the effects of repeated fertilization on branch and bole sapwood 
hydraulic characteristics. 

A study was undertaken in 2001 and 2002 to examine how tree growth and sapwood 
hydraulic properties of boles and branches vary with periodic and annual fertilization of 
lodgepole pine at two “maximum productivity” sites (Sheridan Creek and Kenneth 
Creek). We hypothesized that trees from fertilized stands have greater branch and bole 
sapwood permeability because they produce more earlywood than trees in unfertilized 
stands.  In addition, we tested the hypothesis that sapwood water-conducting properties of 
branches from different crown positions (top, middle and bottom) are similar both 
between and within fertilization treatments.  Detailed sampling methodology is provided 
in (Amponsah et al. 2004). 
 
 
Needle Longevity and Growth Efficiency 
 
The effect of fertilization on longevity of needles has not been well addressed.  Nutrient 
withdrawal from older leaves has been suggested as a possible cause of leaf senescence 
and death (Schoettle and Fahey 1994).  In several studies, percentage of nutrient 
retranslocated was either unaffected across nutrient gradients or increased in plants 
growing in fertilized environments (Fife and Nambiar 1984; Proe and Millard, 1994).  
Actual studies of improved site fertility either through natural nutrient pulses or 
fertilization have shown decreased leaf longevity with increased nutrient supply (Balster 
and Marshall 2000; Bauer et al. 2004).  Reasons for the decrease in needle longevities 
were related to resource-use efficiency, shading in the crown interior, or retranslocation 
from old to new foliage.  Previous studies suggest that nutrient imbalance results in 
reduced foliage retention (Oren et al. 1988; Liu and Huettl 1991). 
 
There have been conflicting reports on the effects of fertilization on growth efficiency 
(GE), defined as the amount of stem biomass growth per unit of foliage area or per unit 
intercepted radiation.  Several studies have reported an increase in GE following 
fertilization (Albaugh et al. 1998).  Other studies have found that GE is largely 
unaffected by nutrient additions (Vose and Allen 1988).  Fertilization-induced increases 
in GE may be associated with increased efficiency of carbon assimilation or shifts in 
biomass allocation to aboveground vs. belowground components (Haynes and Gower 
1995).  Repeated fertilization and the stable nutrition that it provides are therefore 
expected to increase and sustain higher concentrations of foliar nutrients, which should 
lead to greater GE, provided that acquisition and utilization of other nutrients by the plant 
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are in balanced proportions.  When N fertilization induces nutrient imbalances, growth 
efficiency may not be improved and may even decline.   
 
A study was undertaken in 2001 and 2002 to examine the effects of repeated fertilization 
on needle longevity, branch growth characteristics, GE, and effective LAI of lodgepole 
pine at two “maximum productivity” sites (Sheridan Creek and Kenneth Creek).  
Detailed sampling methodology is provided in (Amponsah et al. 2005). 
 
 
White Pine Weevil 
 
The white pine weevil (Pissodes strobi Peck.) is the most serious and economically 
important native insect of spruce regeneration in Canada.  Damage inflicted by the weevil 
to terminal leaders in young white spruce plantations may result in severe growth losses 
and stem defects (Turnquist and Alfaro 1996).  Large-scale fertilizer operations in 
interior spruce forests are currently discouraged due to observed increased incidence of 
weevil damage in fertilized Sitka spruce plantations in coastal B.C. (Weetman et al. 
1989; B.C. Ministry of Forests 1995).  To date, there have been no formal studies of the 
relationship between fertilization and susceptibility to attack.   
 
In collaboration with Dr. R. Alfaro and L. vanAkker (Canadian Forest Service), a 3-year 
study was initiated in 2001/02 to document the effects of various rates and frequencies of 
fertilization on weevil attack and tree defence mechanisms at three spruce “maximum 
productivity” installations.  The three spruce sites are located across a wide range of 
climatic conditions within the SBS biogeoclimatic zone (i.e., SBSmc, SBSmk, SBSwk).  
These climate differences have a major influence on white pine weevil population 
dynamics.  In 2001, retrospective surveys were conducted at all three sites to determine 
weevil attack rates and severity since trial establishment.  The sites were re-surveyed in 
2002 and 2003 to assess current damage.  In addition, field sampling and laboratory 
analyses were undertaken to determine the effects of different fertilization regimes on 1) 
tree constitutive and traumatic resin canal defences, 2) nutritive quality of leader bark, 
and 3) chemical profile of volatiles from stem samples.  Detailed sampling methodology 
is provided in vanAkker et al. (2004, 2005b).   
 
 
Soil Biota 
 
As well as increasing above-ground productivity, forest fertilization may also affect 
below-ground biological components of forest ecosystems.  A single fertilizer application 
generally has only a small and temporary effect on below-ground resources.  However, 
large and persistent changes in soil microbial populations and fine root development, and 
in the activity, diversity and structure of mycorrhizal and mesofauna communities, have 
been reported from long-term fertilization and N deposition studies in European forests 
(Arnebrant and Söderström 1992; Clemensson-Lindell and Persson 1995; Arnebrant et al. 
1996; Lindberg and Persson 2004).  Although the long-term functional implications of 
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these changes are poorly understood, they may potentially affect processes such as 
nutrient cycling, nutrient uptake, and drought tolerance in intensively fertilized stands. 
 
In collaboration with Dr. S. Berch, a fully replicated study was undertaken in 2002/03 to 
document the effects of 10 years of annual nutrient additions on fine root length, 
mycorrhizal colonization, soil microbial activity and diversity, and mesofauna abundance 
and community structure at one lodgepole pine “maximum productivity” study site in 
central British Columbia (Sheridan Creek). In mid-September 2002, samples were 
collected from 3 replicate installations of the trial: unfertilized control, ON1, and ON2. 
For soil mesofauna and soil microbial community, 10 separate forest floor and upper 
mineral soil (0-3 cm) samples were randomly collected from each plot using a 4.5-cm 
internal diameter-coring device.  For ectomycorrhizas and fine roots, ten 10x10x10 cm 
combined forest floor and mineral soil samples were randomly collected.  Detailed 
sampling and analytical methodology is provided in Berch et al. (2006). 
 
A similar study (excluding the soil microbial component) was undertaken at a spruce 
“maximum productivity” site (Crow Creek) in the fall of 2004.  To date, much larger 
growth responses have been measured in spruce than in pine installations (Brockley and 
Simpson 2004), and it is important to determine whether soil biota and fine rooting 
differences also exist between these two species.  As with the previous study, field 
sampling in 2004 coincided with the completion of the 10th growing season following 
installation establishment.  The sampling methodology was virtually identical to that 
described for the earlier study (Berch et al. 2006). 
 
 
Litterfall 
 
Aboveground litter production is a major flux of organic matter and nutrients to forest 
soils.  Understanding how litter quantity and nutrient concentrations respond to 
fertilization is essential for studies of related ecosystem characteristics and processes, 
including nutrient use efficiency, litter decomposition, and forest floor accumulation.  
Previous studies of litter quantity and chemical composition in relation to fertilization of 
conifers have shown a range of responses, reflecting between-species differences, 
treatment conditions (rate, composition and number of fertilizer applications), and 
differences in methods or measurement techniques.    
 
Gower et al. (1992) speculated that needle retention and litterfall exhibit two phases of 
response to improved nutrient availability after fertilization.  In the short-term, retention 
increases, but in the long-term, there is a transition to decreased needle longevity and 
increased litterfall.  The timing of this transition may reflect inherent between-species 
differences in needle longevity.  Most studies of litterfall in relation to fertilization have 
involved N-only treatments, but an increasing variety of multi-element blends have been 
included in more recent studies (e.g. Theodorou and Bowen 1990; Miller et al. 1996), 
along with regimes that include repeated annual fertilizations (Tamm et al. 1999; 
Vestgarden et al. 2004).   
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Long-term changes in litter nutrient concentrations and content after repeated fertilization 
treatments are varied.   Reported responses range from no sustained increase in litter N 
concentrations 12 years after a decade of repeated fertilizations of jack pine (Pinus 
banksiana Lamb.) (Prescott et al. 1995), to significantly higher foliar and needle litter N 
concentrations 18 years after a single N application to Douglas-fir (Binkley and Reid 
1985).    
 
Chemical analyses of foliage and litter can be used to infer the effects of fertilization 
treatments on nutrient retranslocation (or resorption) from senescing foliar tissues.   
Retranslocation can be estimated in several ways, most simply by comparing nutrient 
concentrations or content in green foliage and foliar litter (Helmisaari 1992; Magill et al. 
1997; Pérez et al. 2003).  More elaborate procedures have taken into account the changes 
in mass and nutrient concentration between different age-classes of needles (Arthur and 
Fahey 1992) or expressed retranslocation in relation to leaf area (Binkley and Reid 1985; 
Keenan et al. 1995).  
  
A study was initiated in 1995 to examine different aspects of nutrient cycling at the 
Kenneth Creek lodgepole pine “maximum productivity” study site.  The objective was to 
examine the rates of aboveground litterfall and its chemical composition over a 4-year 
period in selected treatments, and to consider the implications of these responses for 
ecosystem functioning.  Detailed sampling methodology is provided in Sanborn and 
Brockley (2006).   
 
 
Soil Chemistry and Forest Floor Mass 
 
Soil studies from long-term fertilization studies have shown that many physical, chemical 
and microbiological soil properties may be significantly altered by repeated nutrient 
additions (Nohrstedt 1990).  The rate and magnitude of these changes, and their long-
term effects on ecosystem health and sustainability, are largely unknown.  In 
collaboration with Dr. P. Sanborn (University of Northern B.C.), detailed soil sampling 
was undertaken at one lodgepole pine “maximum productivity” installation (Kenneth 
Creek) in 2005 and in one spruce “maximum productivity” installation (Crow Creek) in 
2006.  The field sampling coincided with the 12-year remeasurement of these 
installations.   
 
Using stratified random sampling, eight forest floor samples were collected in each of 
four equal-sized subplots within each of the 18 treatment plots.  The forest floor samples 
were quantitatively collected with a 15 x 15 cm sampling template.  All forest floor 
samples were air-dried and weighed following collection.  Live roots coarser than 0.5 cm 
diameter and live moss and herbaceous vegetation were removed from each sample prior 
to weighing.  After drying and weighing, the eight forest floor samples were combined 
into a single composite for each subplot, for a total of 72 composite forest floor samples 
(4 composites per treatment plot x 18 treatment plots).  A representative subsample of 
each composite sample was used for nutrient analysis at the Ministry of Forests and 
Range analytical laboratory. 
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Mineral soil was sampled for 0-20 cm depth at each of the 32 forest floor sampling points 
within each treatment plot.  Soil samples from of the four subplots were combined into 
one composite sample, for a total of 72 composite mineral soil samples (4 composites per 
treatment plot x 18 treatment plots).  Mineral soil composite samples were air-dried and 
sieved (2 mm), and a representative subsample of used for nutrient analysis at the 
Ministry of Forests and Range analytical laboratory. 
 
Soil bulk density sampling was undertaken at two randomly located sampling points 
within each subplot (8 sampling points per treatment plot).  After removing the forest 
floor down to mineral soil, a 20-cm deep hole (~ 1-2 L volume) was carefully excavated, 
with all of excavated material from each hole placed a separate labelled plastic bag.   
 
Each excavated hole was lined with a plastic bag and filled with glass beads until the hole 
was full.  Bead volumes were measured with a plastic 1 L graduated cylinder.  The 
procedure was repeated three times or until three volume estimates agreed within 5%. 
 
 
RESULTS AND DISCUSSION 
 
Foliar Nutrition 
 
Foliar Nitrogen 
Foliar N levels in unfertilized trees at all installations have fluctuated in the years since 
trial establishment, but have generally remained below 1.2%.  Exceptions are 
McKendrick Pass (pine) and Hand Lake (spruce), where foliar N levels in control plots 
have exceeded 1.2% in some years.  
 
Foliar N levels in ON1 and ON2 treatment plots responded positively following the initial 
fertilizer application, and have remained higher than control N levels since that time.  The 
different rates of yearly N additions have created distinct separation in foliar N levels 
between control, ON1 and ON2 treatments at most sites.  Although there have been year-
to-year fluctuations, the target foliar N levels for ON1 and ON2 treatments (1.3% and 
1.6%, respectively) have been approximated at most sites.    
 
  
Foliar Nutrient Balance 
Periodic inclusion of P, K, S, and B in ON1 and ON2 fertilizer regimes has generally 
maintained foliar concentrations of these nutrients at, or above, pre-treatment levels (data 
not shown).  Consequently, favourable balances between N and these added macro- and 
micronutrients have been maintained at most lodgepole pine and spruce study sites.  
However, foliar N/P, N/K, and N/S ratios in ON2 treatments have sometimes risen above 
target thresholds at Tutu Creek.  Foliar N/K and N/S thresholds have, at times, also been 
slightly exceeded in ON2 treatments at McKendrick Pass. 
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Despite the inclusion of small amounts of Mg in fertilizer prescriptions, foliar N/Mg 
ratios in ON1 and ON2 treatments at several lodgepole and spruce study sites increased 
sharply shortly after trial establishment.  Relatively large quantities of Mg-containing 
fertilizers were subsequently added to all “maximum productivity” installations.  These 
Mg additions have generally succeeded in increasing foliar Mg and restoring favourable 
foliar N/Mg balance.   
 
  
Growth and Development 
 
At least six years of growth measurements have been obtained from all eight “maximum 
productivity” installations.  The growth data from the re-measurements conducted during 
the 3-year project term (2004/05 to 2006/07) are generally consistent with trends reported 
by Brockley and Simpson (2004).   
  
Interior spruce 
 
Crow Creek  
The 12-year remeasurement data collected at Crow Creek in the fall of 2006 have been 
analyzed.  The results from the 12-year measurement are consistent with the 9-year trends 
reported by Brockley and Simpson (2004).  Fertilization continues to produce large, and 
statistically significant, growth gains at this study site.  Periodic applications of NB, NSB 
and Complete fertilizers resulted in significantly more BA increment relative to control 
growth over 12 years.  Among periodic treatments, repeated applications of NSB and 
Complete fertilizers were more effective (but not significantly so) than NB in stimulating 
tree growth.  Yearly nutrient additions (ON1 and ON2) resulted in more BA increment 
than application of NB, NSB, and complete fertilizers every 6 years.   
 
Fertilization has also had a significant effect on 12-year height increment.  Periodic 
fertilization (every 6 years) has resulted in larger height increments (83-133 cm) than 
unfertilized trees over 12 years.  The ON1 and ON2 treatments have produced 
substantially larger height increments (180-212 cm) than periodic fertilization.  The 
height differential between unfertilized and fertilized trees continues to widen over time.   
 
Large stand volume gains following fertilization have been achieved at Crow Creek.  
Absolute 12-year stand volume gains following two additions of NB, NSB, and Complete 
fertilizers were 19, 31, and 29 m3/ha, respectively.  The corresponding relative gains 
above the control treatment were 69%, 115%, and 104%.  Growth responses to yearly 
nutrient additions (ON1 and ON2) have been particularly large.  In the ON1 treatment, 
yearly additions of fertilizer have produced 49 m3/ha more stand volume than the control 
treatment (a 176% increase) over 12 years.  Stand volume increment in the ON2 treatment 
was 70 m3/ha higher than the control treatment over 12 years, representing a relative 
increase of 254%.  
 
Lodi Lake 
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The results from the 9-year measurement at Lodi Lake are consistent with the 6-year 
trends reported by Brockley and Simpson (2004).  Fertilization continues to produce 
solid, and statistically significant, growth gains at this study site.  Periodic applications of 
NB, NSB and Complete fertilizers resulted in significantly more BA increment relative to 
control growth over 9 years (increases of 33-38%).  Among periodic treatments, repeated 
applications of NSB and Complete fertilizers were slightly more effective (but not 
significantly so) than NB in stimulating tree growth.  Yearly nutrient additions (ON1 and 
ON2) resulted in more BA increment than application of NB, NSB, and complete 
fertilizers every 6 years, with relative increases of 64% and 112%, respectively.   
 
Despite significant amounts of attack by the white pine weevil, height increments in the 
ON1 and ON2 treatments at Lodi Lake are positive.  Periodic fertilization with NB, NSB, 
and Complete fertilizers has resulted in larger height increments (54-73 cm) than 
unfertilized trees over 9 years.  The ON1 and ON2 treatments have produced larger height 
increments (85-107 cm) than periodic fertilization.  The height differential between 
unfertilized and fertilized trees continues to widen over time.   
 
Hand Lake 
The spruce plantation at Hand Lake continues to respond positively to fertilization.  The 
BA increments to a single application of NB, NSB, and Complete fertilizer were 18-25% 
higher than the growth of unfertilized trees over 6 years.  The BA gains (relative to 
control) in ON1 and ON2 treatments at Hand Lake were 28% and 43%, respectively.  
These responses were considerably smaller than previously reported for the two other 
spruce “maximum productivity” sites at Crow Creek and Lodi Lake (Brockley and 
Simpson 2004).   
 
Height responses at Hand Lake were also smaller than measured at the two other spruce 
study sites.  The height gains (relative to control) in fertilized treatments ranged from 6% 
to 17%, and none of the height responses were statistically significant.  In absolute terms, 
the smallest height gains were achieved in the NB and NSB treatments, with total gains 
of only 16 cm and 17 cm, respectively.  The 6-year absolute height gains were slightly 
larger in the Complete, ON1, and ON2 treatments (37-42 cm).    
 
Lodgepole pine 
  
Sheridan Creek 
The 12-year tree and stand responses of lodgepole pine to different fertilization regimes 
at Sheridan Creek were formally reported by Brockley (2007).  Unfortunately, this stand 
was severely attacked by the MPB in 2005, and has since been abandoned.   
 
After 12 years, tree and stand growth responses indicated modest positive effects of two 
applications of nitrogen and boron (NB), with relatively large incremental gains to added 
sulphur (NSB) and other nutrients (Complete).  Despite large increases in effective leaf 
area index and foliar N concentration relative to the control and periodic treatments, 
yearly applications of fertilizer were relatively ineffective in stimulating growth.  When 
combined with frequent additions of other essential nutrients, annual fertilization with 50-
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100 kg N/ha over 12 years (825 kg N/ha in total) produced only slightly more “extra” 
wood than two applications of the multi-nutrient, Complete fertilizer (400 kg N/ha in 
total) (19.4 m3/ha vs. 17.2 m3/ha, respectively).  The most intensive fertilization treatment 
(1550 kg N/ha plus other nutrients over 12 years), produced less stand volume increment 
than periodic fertilization with the Complete fertilizer.  Treatment-induced changes in 
stand dynamics and growth allocation, disrupted foliar nutrient balance, and changes in 
soil biota and understory vegetation community structure may have negatively affected 
tree growth in intensively fertilized treatment plots. 
 
Kenneth Creek 
The Kenneth Creek lodgepole pine installation continues to respond poorly to 
fertilization.  None of the fertilizer treatments have resulted in a statistically significant 
improvement in basal area (BA) increment after 12 years.  Although not statistically 
significant, the ON2 treatment has apparently had a small negative effect on BA 
increment, especially during the 7- to 12-year measurement period.   
 
Fertilization has also failed to stimulate height development of lodgepole pine at Kenneth 
Creek after 12 years.  Height increments were apparently inversely related to fertilization 
intensity at Kenneth Creek, where 12-year height increment was 21% less in the ON2 
treatment than in the control treatment.  The negative impact of large nutrient additions 
on tree height was clearly evident after 3 years at this site, and has become more 
pronounced at each subsequent remeasurement.  In absolute terms, the reductions in 
height growth at Kenneth Creek totalled 1.5 m over 12 years.    
 
The negative impacts of fertilization on tree growth in the ON2 treatment plots are likely 
associated with previously reported foliar nutrient imbalances at Kenneth Creek 
(Brockley and Simpson 2004; Amponsah et al. 2005).  Foliar nutrient imbalance may be 
exacerbated by the leaching of mobile cations in the sandy soil at Kenneth Creek.  Foliar 
nutrient imbalance has been linked to reduced growth and acute mortality following large 
N additions to red pine (Pinus resinosa Ait.) in the northeastern United States (Minocha 
et al. 2000; Bauer et al. 2004; Magill et al. 1997).  Despite much higher foliar N levels, 
heavily fertilized trees had significantly lower photosynthetic capacity than control trees 
(Bauer et al. 2004).  Because a disproportionate amount of the surplus foliar N 
accumulated as free amino acids (mainly arginine), little of the excess N was used to 
produce photosynthetically active metabolites.  A number of N-containing compounds 
(NCC), including amino acids, accumulate in the foliage of trees subjected to 
environmental stress conditions such as foliar nutrient imbalances (Rabe 1990).  Why 
energy is diverted to NCC synthesis at the expense of protein synthesis and growth under 
stress conditions is not fully understood.  However, Rabe and Lovatt (1984) reported that 
ammonia accumulated with increasing P deficiency in Citrus trees, and that arginine 
synthesis provided a mechanism for detoxifying leaf tissue of excess ammonia.  Arginine 
accumulation has also been reported during Mg, K, Ca, S, Fe, and Zn deficiencies (Rabe 
1990).  In radiata pine (Pinus radiata D. Don), foliar nutrient imbalances following large 
N additions resulted in highly increased arginine levels in foliage (Lambert 1986).  
Accumulation of amino acids can also be affected by the form in which N is applied, with 
NH4-N fertilizers causing higher amino acid accumulations than NO3-N.  Because most 
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plants do not regulate N uptake, repeated N applications of urea at Kenneth Creek may 
have led to excess N uptake, accumulation and disruption of anabolic mechanisms.  At 
Kenneth Creek, studies need to be undertaken to quantify amino acid levels in the foliage 
of repeatedly fertilized trees and to examine relationships between poor growth, nutrient 
imbalance, amino acids, and ammonia toxicity.       
 
Interestingly, Lambert (1986) reported a strong positive correlation between foliar 
arginine concentration and tree infection level of Dothistroma needle blight 
(Mycosphaerella pini Rost. in Munk).  At Kenneth Creek, severe infection of lodgepole 
pine trees in the ON2 treatment plots with Dothistroma was observed during the 2005 
measurement.  This observation poses some interesting questions regarding the possible 
link between biochemical imbalances and foliar pathogens in lodgepole pine.  For 
example, Dothistroma poses a serious forest health threat to young lodgepole pine stands 
in the B.C. interior.  Given that S deficiencies in lodgepole pine are well documented 
(Brockley 2000, 2004), the possible link between N:S imbalance and Dothistroma 
certainly warrants further study.  
 
McKendrick Pass 
The lodgepole pine stand at McKendrick Pass continues to respond positively to 
fertilization, with the largest radial responses being associated with the most intensive 
fertilization treatment (ON2).  The BA increments to repeated applications (year 0 and 
year 6) of NB, NSB, and Complete fertilizer were 24-26% higher than growth of 
unfertilized trees over 9 years.  Nine-year BA responses in ON1 and ON2 treatments were 
39% and 48%, respectively.   
  
Fertilization has failed to stimulate height development of lodgepole pine at McKendrick 
Pass after 9 years.  In fact, the most intensive fertilizer treatment has had a small negative 
effect on height growth.     
 
 
Tutu Creek 
The lodgepole pine stand at Tutu Creek continues to respond positively to fertilization, 
with the largest radial responses being associated with the most intensive fertilization 
treatment (ON2).  The BA increments to repeated applications (year 0 and year 6) of NB, 
NSB, and Complete fertilizer were 18-24% higher than growth of unfertilized trees over 
9 years.  Among periodic treatments, repeated applications of NSB and Complete 
fertilizers were slightly more effective (but not significantly so) than NB in stimulating 
tree growth.  Nine-year BA responses in ON1 and ON2 treatments were 35% and 53%, 
respectively.   
  
Fertilization has failed to stimulate height development of lodgepole pine at Tutu Creek 
after 9 years.  In fact, the most intensive fertilizer treatment has had a small negative 
effect on height growth.     
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Crater Lake 
The lodgepole pine stand at Crater Lake continues to respond positively to fertilization, 
with the largest radial responses being associated with the most intensive fertilization 
treatment (ON2).  The BA increments to repeated applications (year 0 and year 6) of NB, 
NSB, and Complete fertilizer were 25-29% higher than growth of unfertilized trees over 
9 years.  Nine-year BA responses in ON1 and ON2 treatments were 47% and 66%, 
respectively.   
 
Although differences were not statistically significant, fertilization has apparently 
resulted in a modest height response at Crater Lake.  In absolute terms, 9-year height 
increments of fertilized trees were 22-45 cm larger than unfertilized trees.    
 
 
Leaf Area Development 
 
The size and patterns of LAIe response at the different maximum productivity sites are 
largely consistent with the patterns of growth responses measured at these sites.  Except 
for Kenneth Creek, periodic fertilization has resulted in statistically significant increases 
in LAIe, with small differences between the NB, NSB, and Complete treatments.  Yearly 
fertilization has resulted in significantly larger increases in LAIe, with the largest LAI 
response occurring in the ON2 treatment.  At Kenneth Creek, effective LAIe is similar 
across most of the fertilized treatments, with only modest differences between fertilized 
treatments and the control.  These results are consistent with the small growth responses 
that have been measured at this site.  The recent decline in LAIe in ON2 treatment plots is 
likely the result of foliage loss and tree mortality caused by severe infection of trees with  
Dothistroma needle blight.   
 
 
Sapwood Hydraulic Properties 
 
Final reporting of this study was completed in 2004/05, with the publication of a journal 
paper (Amponsah et al. 2004).  In summary, we examined how tree growth and hydraulic 
properties of branches and boles are influenced by periodic and annual fertilization at two 
lodgepole pine “maximum productivity” sites (Sheridan Creek and Kenneth Creek).  We 
found that repeated fertilization changed the hydraulic architecture of trees following 7 or 
8 years of fertilization.  The increased hydraulic conductivity and sapwood permeability 
of the lower branches of fertilized trees will likely prolong branch life.  Stomatal 
conductance was greater in upper branches of control trees than in upper branches of 
annually fertilized trees. This difference may be related to the amount of water that is 
channelled to the lower branches.  Because the lower branches of the fertilized trees had 
higher sapwood permeability and hydraulic conductivity than the upper branches, water 
would flow preferentially to the lower branches.  Thus in times of water stress, upper-
branch foliage of fertilized trees could experience water deficits compared with that of 
control trees, which could explain the lower stomatal conductance observed in upper 
branches of the fertilized trees.  This suggests that fertilization may result in increased 
water stress at the top of the tree and reduced annual growth of the leader.  It is plausible 
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that the small tree growth response measured at Kenneth Creek (Brockley and Simpson 
2004) may be related to a greater proportion of resources allocated to branch growth or to 
foliar nutrient imbalances, or both.  The preferential allocation of carbon to support 
growth of lower branches that we observed is consistent with trends reported for Scots 
pine following long-term N fertilization (Malkonen and Kukkola 1991).  We also 
speculated that foliar N/Cu and perhaps N/Fe imbalances may be partially responsible for 
the large and distorted branches and the resulting changes in hydraulic architecture 
observed at the Kenneth Creek study site. 
 
 
Needle Longevity and Growth Efficiency 
 
Final reporting of this study was completed in 2004/05, with the publication of a journal 
paper (Amponsah et al. 2005).  In summary, we investigated the effects of repeated 
fertilization (either periodically every 6 years or annual fertilization) on needle longevity 
and growth characteristics at two lodgepole pine “maximum productivity” study sites 
(Sheridan Creek and Kenneth Creek).  Annual fertilization decreased longevity of needles 
on mid-crown branches of lodgepole pine following 7 or 8 years of fertilization.  Mean 
longevity of needles declined by 23% at the Kenneth Creek site and by 30% at Sheridan 
Creek, compared with the control treatments at each site.  At Sheridan, repeated 
fertilization significantly increased effective leaf area index, foliated shoot length, and 
annual shoot growth.  However, none of these variables was significantly altered by 
repeated fertilization at Kenneth.  Annual N addition apparently induced or exacerbated 
Cu and Fe deficiency in these stands, especially at Kenneth Creek, which may be related 
to the premature loss of foliage.  Nutrient imbalance may also be related to poor effective 
leaf area index and growth response at Kenneth Creek.  Stem growth efficiency declined 
with annual fertilization at Kenneth Creek because of accelerated turnover of needles, 
increased allocation of growth to branches, and probably reduced photosynthetic 
capacity.  While results from the Sheridan site are consistent with other studies that 
suggest that increases in stem volume growth following fertilization are largely related to 
increases in LAI (Vose and Allen 1988), results from the Kenneth Creek site underscore 
the need to provide a balanced supply of required nutrients, since induction of 
deficiencies of other elements through excessive application of one element (N in this 
study), may result in reduced needle retention, reduced growth efficiency, and negative 
growth responses.  
 
 
White Pine Weevil 
 
Final reporting for the spruce weevil project was completed in 2004 and 2005, with the 
publication of a journal manuscript (vanAkker et al. 2004), a FORREX LINK article 
(vanAkker et al. 2005a), and a B.C. Ministry of Forests and Range Extension Note 
(vanAkker et al. 2005b).  The reader is referred to these deliverables for comprehensive 
results from this study.   
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In summary, results from this study indicate that fertilization of young spruce plantations 
in the SBSwk and SBSmk biogeoclimatic subzones will likely exacerbate leader damage 
by the white pine weevil.  Enhanced leader length, diameter and bark thickness due to 
fertilization increase the resources available for weevil feeding and oviposition.  
Fertilization also results in a dilution of the resin canal system in the bark, which is 
considered to be the first line of defence against bark-invading insects (vanAkker et al. 
2004).  However, despite the increased incidence of weevil damage to fertilized trees, the 
height losses due to weevil attack are not as great as the height gains due to fertilization.  
When combined with large increases in stem radial increment, the beneficial effects of 
fertilization on the growth of young interior spruce plantations in the SBSwk and SBSmk 
subzones likely outweigh the negative effects associated with increased incidence and 
severity of leader damage from the white pine weevil.   
 
Our results also indicate that large-scale fertilization of spruce plantations in the SBSmc 
biogeoclimatic subzone probably entails a low risk of increasing damage by the white 
pine weevil.  The Crow Creek study sites was likely too cold to sustain large weevil 
populations.  Small amounts of weevil damage, combined with large radial and height 
responses following nutrient additions at Crow Creek (Brockley and Simpson 2004), 
indicate that spruce plantations in the SBSmc may be particularly good candidates for 
operational fertilization.  Additional fertilizer trials and weevil damage surveys in the 
SBSmc are needed to confirm estimates and predictions of favourable growth responses 
and low weevil activity following fertilization of planted spruce. 
 
Results from this study indicate that the beneficial effects of fertilization on the growth of 
young interior spruce plantations likely outweigh the negative effects associated with 
increased incidence and severity of leader damage from the white pine weevil.  It must be 
noted that the negative impacts of weevil damage on lumber quality and value cannot be 
fully evaluated until a later stage of stand development.  However, when combined with 
the selection and breeding of weevil-resistant genotypes and improved pest management 
strategies, our results indicate that fertilization likely offers great potential for improving 
the productivity of second-growth spruce plantations in the interior of British Columbia. 
 
 
Soil Biota 
 
Sheridan Creek 
Final reporting of the soil biota study undertaken at the Sheridan Creek lodgepole pine 
“maximum productivity” site in 2002 was completed in 2006, with the publication of a 
manuscript in the Canadian Journal of Forest Research (Berch et al. 2006).  In summary, 
we found that the repeated fertilization of lodgepole pine with moderate rates (ON1) of N, 
in combination with frequent addition of other nutrients, generally had either no effect or 
a small positive effect on soil mesofauna and microbial populations.  However, we found 
a depression of components of the mesofauna and microbial communities at higher N 
application rates (ON2).  Also, ectomycorrhizal colonization and fine root biomass and 
vigour were also negatively affected by intensive fertilization, and shifts in 
ectomycorrhizal community structure were also observed.  We observed a trend of 



 21

increasing soil nitrate and ammonium levels and decreasing C/N ratios with increasing 
fertilization intensity in both upper mineral soil and humus layers, which is consistent 
with findings from repeatedly fertilized “optimum nutrition” trials with Scots pine and 
Norway spruce in Sweden (Tamm 1991; Tamm et al. 1999).  The presence of higher 
levels of nitrate-N in fertilized treatments compared to the control indicates that 
significant nitrification of the applied N has occurred in these repeatedly fertilized, acid 
forest soils.   
 
Crow Creek 
Final reporting of the soil biota study undertaken at the Crow Creek spruce “maximum 
productivity” site in 2004 was completed in 2006/07, with the completion of a draft 
manuscript that will be submitted to the Canadian Journal of Forest Research (Berch et 
al. 2007).  In summary, we there was more mineralizable N and NO3-N in the forest floor 
and the upper mineral soil of the ON2 treatment plots than of unfertilized controls or ON1. 
Total N, total S, and exchangeable Mg in the forest floor were significantly higher under 
both levels of fertilization than under the unfertilized control.  The concentration of forest 
floor NH4-N increased with each level of fertilizer application.  For forest floor available 
P and exchangeable K, the highest concentrations resulted from the ON1 treatment.  In 
the forest floor, there were significantly greater densities of total Acari, Prostigmata and 
Oribatida in the fertilized plots than in the unfertilized control plots.  In the mineral soil, 
only the density of Oribatida increased significantly with fertilization.  Fertilization 
increased fine root length in ON1 relative to control and ON2 but percent mycorrhizal 
colonization did not differ. 
 
Interestingly, the differences in belowground responses to intensive fertilization at the 
lodgepole pine (Sheridan Creek) and spruce (Crow Creek) study sites generally 
correspond with the differences in aboveground tree growth responses between these two 
species.  The neutral or positive effects on spruce fine root length and vigour, 
mycorrhizal colonization, and soil mesofauna at Crow Creek were associated with 
extremely positive tree growth responses.  After 12 years, stand volume gains (relative to 
control) in the ON1 and ON2 treatments were about 175% and 250%, respectively.  The 
corresponding absolute stand volume gains were 49 and 70 m3/ha over 12 years.  At 
Sheridan Creek, negative effects of repeated fertilization on lodgepole pine fine roots, 
mycorrhizal colonization, and mesofauna (especially at the ON2 level) were associated 
with much smaller growth responses.  In the ON1 treatment, yearly additions of fertilizer 
produced 19 m3/ha more wood than control treatments (a 41% increase) over 12 years at 
Sheridan Creek.  Twelve-year stand volume increment in the more intensive ON2 
treatment was only 14 m3/ha (a 29% increase) (Brockley 2007).  Interestingly, similar 
negative dose-response relationships have been reported for other heavily N-fertilized 
Pinus species in sub-boreal and boreal forests (Weetman et al. 1995; Tamm et al. 1999; 
Kishchuk et al. 2002), whereas the response of Norway spruce (Picea abies L.) to 
intensive fertilization has generally been positive (Tamm 1991; Bergh et al. 2005). 
 
 
Litterfall 
 



 22

Final reporting of this study was completed in early 2006, with the submission of a 
manuscript to the Canadian Journal of Forest Research (Sanborn and Brockley 2006). 
Averaged over the 4-year collection period, annual lodgepole pine needle litterfall was 
similar in the control and conventional fertilization treatments (1805-1817  kg ha-1 yr-1), 
in contrast to 2261 kg ha-1 yr-1 in the ON2 treatment.  Pine needles comprised 85-90% of 
the litter mass, and the average mass of other litter components in the ON2 treatment was 
approximately twice that of the Control: 405 vs. 198 kg ha-1 yr-1.  Deciduous leaves from 
shrubs and trees comprised the largest proportion of the other litter components.  These 
treatment-related differences in annual inputs of pine needles and other litter components 
were not statistically significant, but there were significant year-to-year variations in 
litterfall.  Litterfall was highly seasonal, with most occurring in the fall-winter period, of 
which the late fall and over-winter (October-May) period contributed approximately half 
of the annual total across all treatments. 
 
Understory production appeared to have been particularly stimulated by the ON1 and ON2 
treatments, with herbs such as fireweed (Epilobium angustifolium) reaching heights of up 
to 1 m by mid-summer, and red raspberry (Rubus idaeus) dominating the shrub layer.  
Although the shrub contribution to understory biomass showed a significant treatment 
effect, this was offset by other components, resulting in no overall treatment effect on 
total understory biomass. 
 
Unlike in Swedish “optimum nutrition” studies with Scots pine (Tamm et al. 1999), we 
did not observe a large and rapid increase in litterfall rates in treatments with high annual 
nutrient inputs, nor the 2- to 3-fold difference in litterfall between the optimum nutrition 
treatments and controls.  In other studies of conifer responses to fertilization, increased 
litterfall was related to decreased needle longevity, and the latter was detected at this site 
(Amponsah et al. 2005), with reductions by 23% in the ON2 treatment relative to the 
Control for observations in 2002, three years after termination of litterfall measurements.  
Although production of both needles and other litter components was highest in the ON2 
treatment, the lack of any significant treatment effect may partially reflect the high spatial 
variability in litterfall that should eventually decrease after canopy closure (Tamm et al. 
1999). 
 
Concentrations of N, S, K, and B were significantly increased in needle litter from 
fertilizer treatments including those elements in fertilizer prescriptions, while 
concentrations of other elements (Ca, Zn) were reduced.  Apparent retranslocation of N, 
S, K, B, and Cu were significantly reduced in the treatment with the highest rate of 
nutrient addition relative to the Control.  General patterns of elemental behaviour were 
consistent with those observed in other conifer fertilization studies.  However, these 
changes accompanied actual decreased crop tree growth in the ON2 treatment, which was 
an exceptional response to application of this fertilization regime at five BC interior sites, 
suggesting that local site and stand conditions were involved, such as induced nutrient 
imbalances on a coarse-textured soil in a moist climate. 
 
 
Soil Chemistry 
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Analytical laboratory analysis of forest floor and mineral soils collected from the 
Kenneth Creek (lodgepole pine) and Crow Creek (spruce) installations in 2005 and 2006, 
respectively, have been completed.  However, statistical analysis and interpretation of 
results has not been completed.  We intend to publish the results from these studies as 
soon as possible. 
 
 
CONCLUSIONS AND MANAGEMENT IMPLICATIONS 
 
Preliminary results from the “maximum productivity” project indicate that repeated 
fertilization of young managed forests may be a potentially viable strategy for addressing 
timber supply challenges in the interior of British Columbia.  Young interior spruce 
plantations are apparently particularly well suited to “high input” silviculture.  To date, 
the largest spruce growth responses have been associated with the most intensive 
fertilization treatments.  Yearly additions of 50-100 kg N/ha (plus other essential 
nutrients) have produced 49 m3/ha more stand volume in the ON1 than in the control 
treatment (a 176% increase) over 12 years at the Crow Creek “maximum productivity” 
study site.  Stand volume gains have totalled 70 m3/ha in the more intensively fertilized 
ON2 treatment (100-200 kg N/ha/year) over 12 years, representing a relative increase of 
254%.  Growth responses of spruce following two applications of balanced fertilizers 
have also been extremely positive, with responses relative to the control treatment 
exceeding 100% over 12 years at the Crow Creek study site.  Growth responses of this 
magnitude indicate that large reductions in rotation length are potentially achievable by 
repeated fertilization of young spruce plantations in the B.C. interior. 
 
In contrast, yearly fertilization with 50-100 kg N/ha over 12 years (825 kg N/ha in total) 
produced only slightly more “extra” wood than two applications of the multi-nutrient, 
Complete fertilizer (400 kg N/ha in total) (19.4 m3/ha vs. 17.2 m3/ha, respectively) in a 
lodgepole pine stand at Sheridan Creek (Brockley 2007).  The most intensive fertilization 
treatment (1550 kg N/ha plus other nutrients over 12 years), produced less stand volume 
increment than periodic fertilization with the Complete fertilizer.  Treatment-induced 
changes in stand dynamics and growth allocation, disrupted foliar nutrient balance, and 
changes in soil biota and understory vegetation community structure may have negatively 
affected tree growth in intensively fertilized treatment plots (Brockley 2007).  Similar 
negative dose-response relationships have been reported for other heavily N-fertilized 
Pinus species in sub-boreal and boreal forests (Weetman et al. 1995; Tamm et al. 1999; 
Kishchuk et al. 2002), whereas the response of Norway spruce (Picea abies L.) to 
intensive fertilization has generally been positive (Tamm 1991; Bergh et al. 2005). 

    
Preliminary growth responses from lodgepole pine and spruce “maximum productivity” 
installations appear to be tracking along pathways similar to the Scots pine and Norway 
spruce “optimum nutrition” studies in Sweden (Tamm 1991; Tamm et al. 1999; Bergh et 
al. 2005).  It is important to continue monitoring stand development at the “maximum 
productivity” study sites to see whether these early species growth trends continue, and to 
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determine how closely growth gains from periodic fertilization of spruce and pine will 
approximate the responses achieved by yearly nutrient additions. 
 
The published results from the white pine weevil study at the three spruce “maximum 
productivity” sites indicate that fertilization of young spruce plantations in the SBSwk 
and SBSmk biogeoclimatic subzones will likely exacerbate leader damage by the white 
pine weevil (vanAkker et al. 2004, 2005b).  Enhanced leader length, diameter and bark 
thickness due to fertilization increase the resources available for weevil feeding and 
oviposition.  Fertilization also results in a dilution of the resin canal system in the bark, 
which is considered to be the first line of defence against bark-invading insects 
(vanAkker et al. 2004).  However, despite the increased incidence of weevil damage to 
fertilized trees, the height losses due to weevil attack are not as great as the height gains 
due to fertilization.  When combined with large increases in stem radial increment, the 
beneficial effects of fertilization on the growth of young interior spruce plantations in the 
SBSwk and SBSmk subzones likely outweigh the negative effects associated with 
increased incidence and severity of leader damage from the white pine weevil.  Our 
results also indicate that large-scale fertilization of spruce plantations in the SBSmc 
biogeoclimatic subzone probably entails a low risk of increasing damage by the white 
pine weevil.  The Crow Creek study site was likely too cold to sustain large weevil 
populations.  Small amounts of weevil damage, combined with large radial and height 
responses following nutrient additions at Crow Creek (Brockley and Simpson 2004), 
indicate that spruce plantations in the SBSmc may be particularly good candidates for 
operational fertilization.  Additional fertilizer trials and weevil damage surveys in the 
SBSmc are needed to confirm estimates and predictions of favourable growth responses 
and low weevil activity following fertilization of planted spruce.  Also, the possible 
negative impacts of weevil damage on lumber quality and value cannot be fully evaluated 
until a later stage of stand development.  However, when combined with the selection and 
breeding of weevil-resistant genotypes and improved pest management strategies, our 
results indicate that fertilization likely offers great potential for improving the 
productivity of second-growth spruce plantations in the interior of British Columbia. 
 
The differences in soil biota and fine root responses to intensive fertilization at the 
lodgepole pine (Sheridan Creek) and spruce (Crow Creek) study sites generally 
correspond with the differences in aboveground tree growth responses between these two 
species.  The neutral or positive effects on spruce fine root length and vigour, 
mycorrhizal colonization, and soil mesofauna at Crow Creek were associated with 
extremely positive tree growth responses.  At Sheridan Creek, negative effects of 
repeated fertilization on lodgepole pine fine roots, mycorrhizal colonization, and 
mesofauna (especially at the ON2 level) were associated with much smaller growth 
responses.  Given other stand and site differences at the two sampled sites, we can’t 
attribute the different responses of fine roots, ectomycorrhizas and soil mesofauna at the 
Crow Creek and Sheridan Creek to a specific cause, nor can we state with certainty that 
the differences in aboveground tree growth responses of lodgepole pine and spruce are 
directly linked with the belowground changes.  Further research is needed to explore the 
link between species, fertilization, fine roots, soil biota, and nutrient cycling at all of the 
active “maximum productivity” study sites.   
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Foliage loss and mortality at the Kenneth Creek study site indicates that repeated 
fertilization may increase the susceptibility of lodgepole pine to Dothistroma infection, 
and poses some interesting questions regarding the possible link between biochemical 
imbalances and foliar pathogens in lodgepole pine.  Lambert (1986) reported a strong 
positive correlation between foliar N:S imbalance (i.e., S deficiency) in radiate pine and 
tree infection level of Dothistroma needle blight.  Given that Dothistroma poses a serious 
forest health threat to young lodgepole pine stands in the B.C. interior, and that S 
deficiencies in lodgepole pine are well documented (Brockley 2000, 2004), the possible 
link between N:S imbalance and Dothistroma certainly warrants further study. 
 
The results from our litterfall study at Kenneth Creek (Sanborn and Brockley 2006) 
indicate that aboveground inputs to the forest floor via litterfall are significantly enriched 
in N, S, K, and B in some or all of the fertilization treatments.  Results from the soil 
chemistry and nutrient decomposition studies completed in 2005 will address whether 
these changes have influenced overall nutrient stocks in the forest floor and mineral soil, 
and rates of decomposition and nutrient release during litter decomposition.   
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