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PROJECT PURPOSE AND MANAGEMENT IMPLICATIONS 
 
Because it is a proven method for accelerating the operability of established stands, 
fertilization is widely viewed by forest planners and practitioners as a potentially valuable 
tool for mitigating the effects of catastrophic mortality losses from the mountain pine 
beetle (Dendroctonus ponderosae Hopk.) on the amount, and timing, of future timber 
supplies in the B.C. interior.  Large-scale aerial fertilizer operations are currently being 
undertaken in several interior forest management units.   

 
A single fertilizer application typically produces only a temporary increase in tree and 
stand growth (usually 6-9 years).  However, fertilization research with Pinus and Picea 
species in boreal forest regions has indicated that sustained growth responses, and large 
reductions in rotation length, are achievable by repeatedly fertilizing young stands 
(Tamm 1991; Bergh et al. 1999; Tamm et al. 1999).  Based on the results from long-term 
fertilization experiments, Bergh et al. (2005) estimated that the growth of Norway spruce 
(Picea abies L.) in northern Sweden could potentially be quadrupled by frequent 
applications of balanced fertilizers.  The increased productivity would result in 
considerably shortened rotation lengths (Bergh et al. 2005).  Accelerated operability of 
young lodgepole pine (Pinus contorta  Dougl. ex Loud. var. latifolia Engelm.) and 
interior spruce (white spruce, Picea glauca (Moench) Voss; Engelmann spruce, Picea 
engelmannii Parry ex Engelm.; and their hybrids) sub-boreal forests would be of great 
benefit in addressing future timber supply challenges in the interior of British Columbia.  
However, long-term growth response data from area-based field experiments are needed 
to document the potential impacts of repeated fertilization on tree and stand development 
so that appropriate fertilizer treatments and realistic growth response expectations can be 
included in forest level analyses and timber supply mitigation strategies.  The effects of 
large nutrient additions on other forest resources, and the potential impacts on ecosystem 
function and sustainability, must also be documented.    

 
Beginning in 1992, a small network of lodgepole pine and interior spruce long-term 
nutrient optimization research installations (E.P. 886.13) was established by the British 
Columbia Ministry of Forests on representative sites within three major biogeoclimatic 
zones in the interior of British Columbia.  The objectives of the “maximum productivity” 
study are to (i) compare the effects of different regimes and frequencies of repeated 
fertilization on the foliar nutrition, growth, and development of young forests in the 
interior of British Columbia and (ii) determine the effects of large nutrient additions on 
above- and below-ground timber and nontimber resources.  A total of nine installations 
(six pine and three spruce) were established in 9- to 15-year-old plantations and juvenile-
spaced, harvest-origin stands between 1992 and 1999.  Six of the installations were 
established in the Sub-Boreal Spruce (SBS) biogeoclimatic zone (Meidinger and Pojar 
1991), representing a broad range of climatic conditions.  The other sites are in the 
Engelmann Spruce – Subalpine Fir (ESSF) and Montane Spruce (MS) biogeoclimatic 
zones (Meidinger and Pojar 1991).  One of the pine installations was abandoned in 2003 
following severe stem damage caused by red squirrel (Tamiasciurus hudsonicus 
Erxleben) feeding injuries.  A complete project description is provided by Brockley and 
Simpson (2004).   
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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 
understorey vegetation 
leaf area, foliar productivity, and growth efficiency 
sapwood hydraulic properties 
needle longevity 

 
The results from several of these studies have been reported previously (Amponsah et al. 
2004, 2005; Berch et al. 2006; Berch and Brockley (2008); Brockley (2007a, b); 
vanAkker et al. 2004, 2005).   
 
The purpose of this report is to summarize the project activities, results, and reporting 
during 2008/09.   
 
 
PROJECT START DATE 
 
This research project was initiated in 1992 with funding provided by the Canada-British 
Columbia Forest Resource Development Agreement (FRDA II).  Subsequent funding 
was provided by Forest Renewal BC and Forestry Innovation Investment Ltd.  More 
recently, three-year funding (2004/05 to 2006/07) was provided by the Forest Investment 
Account – Forest Science Program (Y051101).  Current funding for FIA-FSP project 
Y081054 is for the period 2007/08 to 2009/10. 
 
 
METHODOLOGY OVERVIEW 
 
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) 
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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 
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 
†† attacked by the mountain pine beetle in 2007 
 
 
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 
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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 
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). 
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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. 
 
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. 
 
Nine- and 12-year growth remeasurements were completed at one spruce study site 
(Hand Lake) and one lodgepole pine site (Crater Lake), respectively, in 2008/09.  
Summarized results from these two trials are included in this report.  Also, the 12-year 
growth results from another spruce study site (Crow Creek) were submitted for journal 
publication in 2008/09 (Brockley 2009).  The results from Crow Creek are also 
summarized in this report. 
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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 
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).  The Crow Creek results were accepted 
for publication in the Canadian Journal of Forest Research in 2008/09 (Berch et al. 2009).  
The summarized results from this publication are included in this report.   
 
Forest Floor and Mineral Soil Properties 
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.   
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At both study sites, forest floor and mineral soils samples were collected throughout each 
0.164-ha treatment plot using a stratified random approach, with eight random sampling 
points located in each of four, 0.014-ha (11.33 x 36.24 m) subplots.   
 
At each sampling point, a square metal sampling frame and knife were used to carefully 
remove all forest floor materials down to the mineral soil boundary.  At Kenneth Creek, a 
20 x 20 cm forest floor sample was removed at each sampling location.  Individual forest 
floor samples were air-dried and weighed, and then composited by subplot (eight samples 
per subplot).  Following repeated sample splitting, a representative 500 g subsample was 
selected from each composite and ground in a hammermill prior to shipping to the 
Ministry of Forests and Range analytical laboratory.  All composite subsamples were 
oven-dried at the laboratory, and the moisture correction value for each subsample was 
applied to all eight air-dry forest floor values from each subplot.  At Crow Creek, a 15 x 
15 cm forest floor sample was removed at each sampling location.  The eight samples per 
subplot were combined into one composite sample in the field and shipped to the 
analytical laboratory where each of the 72 composite samples was air-dried and weighed.  
Representative subsamples were then milled and oven-dried.  The moisture correction 
value for each subsample was applied to the air-dry composite forest floor value from 
each subplot.   
 
At both sites, all woody debris situated on the forest floor surface and not completely 
covered by needle litter was excluded from the sample.  Terrestrial lichens, green upper 
portions of mosses, green stems and leaves of living herbaceous plants, and living roots > 
5 mm in diameter were also removed from each sample.   

 
Following forest floor removal, an Eijelkamp “stony soil auger” was used to collect 
mineral soil from the 0–20 cm depth at each of the eight sampling points within each 
subplot.  The eight individual mineral soil samples per subplot were combined into one 
composite sample (four composite samples per treatment plot).  The 72 composite 
samples from Kenneth Creek were air-dried and sieved to remove coarse fragments and 
roots (> 2 mm), and a sample splitter was used to select a representative subsample from 
the fine fraction for shipment to the laboratory.  The composite mineral soil samples from 
Crow Creek (with large coarse fragments removed) were shipped immediately to the 
laboratory where air-drying, sieving, sample splitting, and oven-drying were completed.   
 
At Crow Creek, soil bulk density sampling was undertaken at two randomly located 
sampling points within each subplot (i.e., eight 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 and all excavated material was individually bagged.  A plastic bag 
was inserted into the excavated hole and filled with glass beads to estimate the volume of 
the excavation.  The procedure was repeated three times at each sampling location, or 
until three volume estimates agreed within 5%.  Bulk density was measured at Kenneth 
Creek in 1999 during an earlier study, using cylindrical cores (5 cm diameter × 4 cm 
length) collected at 10-14 cm depth at two randomly located sampling points within each 
subplot.  
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For estimating total nutrient pools on an area basis (g/m2), the bulk density was 
calculated as the mass of the fine fraction (< 2 mm) divided by the excavation or core 
volume, as applicable.   
 
The following chemical analyses were completed by the Ministry of Forests and Range 
analytical laboratory: 
(1) forest floor and mineral soils: 

• total carbon (C) and N (LECO CHN-600 Elemental Analyzer), 
• total S (LECO SC-132 S Analyzer), 
• mineralizable N (anaerobic incubation; Powers 1980), 
• extractable P (Bray P1 method; Kalra and Maynard 1991), 
• extractable inorganic sulphate-S (SO4-S) (forest floors extracted with 0.01 M 

NH4Cl; mineral soils with 500 mg/L P as Ca(H2PO4)2•H2O; SO4
2-; determined by 

ion chromatography), 
• extractable ammonium-N (NH4-N) and nitrate-N (NO3-N) (extracted with 2M 

KCl; colorimetric determination by auto analyzer),  
• pH (H2O, 0.01 M CaCl2; Kalra and Maynard 1991). 
• cation exchange capacity (CEC) (BaCl2 method; Hendershot and Duquette 1986), 

with exchangeable cations (Ca, Mg, K, Na, Fe, Al, Mn) determined by inductively 
coupled argon plasma–atomic emission spectroscopy (ICAP).  

(2) forest floor samples: 
• total elemental concentrations (Al, B, Ca, Cu, Fe, K, Mn, Mg, P, Zn) determined 

with microwave digestion in HNO3–H2O2–HCl (Kalra and Maynard 1991) and 
ICAP. 

 
 
PROJECT SCOPE AND REGIONAL APPLICABILITY 
 
Research activities are currently being undertaken at six area-based field installations in 
the central interior of British Columbia within six biogeoclimatic subzones (see Table 1).  
Results are applicable to young managed lodgepole pine and spruce forests throughout 
central British Columbia.  
 
 
SUMMARIZED RESULTS 
 
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 
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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.  
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. 
 
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 
 
Crow Creek 
The 12-year effects of different regimes and frequencies of repeated fertilization (applied 
periodically and yearly) on the growth of young spruce at the Crow Creek study site were 
reported by Brockley (2009).  After 12 years, solid stand volume gains (77% above 
control) were achieved from two applications (at 6-year intervals) of N and B (totaling 
400 kg N/ha and 3 kg B/ha).  Substantially larger 12-year volume gains (131%) were 
obtained from two applications of N, B, and S (totaling 100 kg S/ha).  The inclusion of 
other macronutrients (P, K, Mg) with N, S, and B did not result in further incremental 
growth gains from periodic fertilization.  These results indicate that periodic N additions 
may induce secondary nutrient deficiencies in young spruce forests in central British 
Columbia unless S is included with N in fertilizer prescriptions.  When combined with 
other essential nutrients, yearly applications of 100–200 kg N/ha totaling 1600 kg N/ha 
over 12 years produced 73 m3/ha (284%) more “extra” wood than in the unfertilized 
stand.  The large positive effects of yearly fertilization on tree and stand growth were 
accompanied by large increases in effective leaf area index. The strong linear relationship 
between stand volume and leaf area after 12 years indicates that a ceiling leaf area index 
has not yet been attained in any of the treatments in this stand.   
  
Hand Lake 
Fertilization had a statistically significant effect on 9 year height increment.  Periodic 
fertilization (every 6 years) resulted in significantly larger height increments (17 to 56 
cm) than unfertilized trees over 9 years.  The largest height response to periodic 
fertilization was achieved by the complete treatment.  There was significantly more 
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height increment associated with yearly fertilization than with periodic fertilization.  
Height increment in the ON1 and ON2 treatment plots averaged 56 cm (13%) and 61 cm 
(15%) greater than in the unfertilized treatment plots over 9 years.  The 9-year height 
increments in ON1 and ON2 treatments did not differ significantly from each other.       
 
Periodic applications of NB, NSB, and complete fertilizers resulted in significantly more 
tree BA and volume increment relative to control growth over 9 years.  Among periodic 
treatments, repeated applications of complete fertilizers were more effective than NB or 
NSB in stimulating tree growth.  Yearly nutrient additions (ON1 and ON2) resulted in 
significantly more BA volume increment than application of NB, NSB, and complete 
fertilizers every 6 years.  Differences in 9-year BA and volume increment between the 
ON1 and ON2 treatments were also statistically significant, with the largest growth 
occurring with the largest nutrient additions.     
 
Nine-year stand volume increment was significantly affected by treatment.  Stand volume 
gains from periodic fertilization (every 6 years) were significantly larger than the 
unfertilized treatment over 9 years.  Total volume increment in the periodic treatment 
plots averaged 13.3 m3/ha (21%) greater than in the unfertilized treatment plots over 9 
years.  As with individual-tree responses, complete fertilizers were more effective than 
additions of NB and NSB on stimulating stand growth.  Total stand volume gains for the 
NB, NSB, and Complete treatments were 11.1 (17%), 11.4 (18%), and 17.3 (27%) m3/ha, 
respectively.  The effect of fertilization frequency was also statistically significant; there 
was more volume increment associated with yearly fertilization than with periodic 
fertilization.  Total stand volume increment in the ON1 and ON2 treatment plots 
averaged 20.5 and 29.1 m3/ha greater than in the unfertilized treatment plots over 9 years.  
The corresponding relative gains were 32% and 45%, respectively.  Differences in 9-year 
total stand volume increment between the ON1 and ON2 treatments were not statistically 
significant. 
 
To date, the effects of periodic and annual fertilization on tree and stand growth at Hand 
Lake were considerably smaller than previously reported for the two other spruce 
“maximum productivity” sites at Crow Creek and Lodi Lake (Brockley and Simpson 
2004; Brockley 2009).  This may be explained by less severe N deficiencies in the foliage 
of trees at Hand Lake compared to the other two spruce sites.   
 
Crater Lake 
The lodgepole pine stand at Crater Lake continues to respond positively to fertilization, 
with the largest tree BA response being associated with the most intensive fertilization 
treatment (ON2).  The tree BA increments to repeated applications (year 0 and year 6) of 
NB, NSB, and Complete fertilizer were 23-27% higher than growth of unfertilized trees 
over 12 years.  Twelve-year tree BA responses in ON1 and ON2 treatments were 49% and 
62%, respectively.  Differences in 12-year tree BA increment between the periodic (NB, 
NSB, and Complete) and yearly (ON1 and ON2) treatments were statistically significant.   
  
Fertilization has failed to stimulate height development of lodgepole pine at Crater Lake 
after 12 years.  Differences in 12-year tree height increment between the periodic (NB, 
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NSB, and Complete) and yearly (ON1 and ON2) treatments were not statistically 
significant.   
  
Twelve-year stand volume increment was significantly affected by treatment.  Stand 
volume gains from two applications of NB, NSB, and Complete fertilizers were 
significantly larger than the unfertilized treatment.  Total volume increments in these 
treatments averaged 10.1 m3/ha (26%) greater than the unfertilized treatment plots over 
12 years.  The NSB and complete fertilizers were more effective than additions of NB 
and on stimulating stand growth.  Total stand volume gains for the NB, NSB, and 
Complete treatments were 8.3 (22%), 11.5 (30%), and 10.3 (27%) m3/ha, respectively.  
The largest stand volume gains were achieved by the ON1 and ON2 treatment regimes 
(19.7 and 22.3 m3/ha, respectively).  The corresponding relative gains were 51% and 
58%, respectively. Differences in 12-year stand volume increment between the periodic 
(NB, NSB, and Complete) and yearly (ON1 and ON2) treatments were statistically 
significant.   
 
Soil Biota 
Final reporting of the soil biota study undertaken at the Crow Creek spruce “maximum 
productivity” site in 2004 was completed in 2007/08 with a manuscript accepted for 
publication by the Canadian Journal of Forest Research (Berch et al. 2009).   
 
Fine root attributes and mesofauna responded differently to repeated fertilization regimes 
at the pine and spruce study sites.  The fine roots of fertilized interior spruce increased in 
length and the relative abundance of active and mycorrhizal roots was unaffected by 
treatment (Berch et al. 2009).  In contrast, the length and vigour of lodgepole pine fine 
roots, the abundance of active roots, and the percent mycorrhizal colonization decreased 
with fertilization, especially in the most intensive fertilization regime (Berch et al. 2006).  
Fertilization had a relatively small effect on mycorrhizal community structure, richness, 
and diversity at the spruce site (Berch et al. 2009).  However, repeated fertilization of 
lodgepole pine altered mycorrhizal community structure and reduced species richness 
(number of species) and diversity (evenness) (Berch et al. 2006).  Total Acari (mite) 
densities increased in the forest floor and upper mineral soil following intensive 
fertilization of interior spruce (Berch et al. 2009).  In contrast, the density of mites in the 
soils under lodgepole pine declined following repeated fertilization (Berch et al. 2006). 
 
Forest Floor and Mineral Soil Properties 
The 12-year effects of different regimes and frequencies of repeated fertilization (applied 
periodically and yearly) on forest floor and mineral soil properties in young lodgepole 
pine and spruce forests were reported by Brockley and Sanborn (2009). 
 
When applied at 6-year intervals to 10- to 12-year-old lodgepole pine and spruce 
plantations, two applications of urea (totalling 400 kg N/ha), with and without other 
added nutrients, had few measurable effects on forest floor or mineral soil properties 12 
years after initial fertilization. Conversely, 12 years of annual nutrient additions (775–
1600 kg N/ha in total) had significant effects on several forest floor and mineral soil 
properties, but the effects were different at the two study sites. At Crow Creek, yearly 
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fertilization of spruce resulted in larger forest floor mass, lower carbon/nitrogen ratio, 
lower pH, higher mineralizable nitrogen (N), and larger pools of total N, carbon (C), and 
sulphur (S) in the forest floor and mineral soil. Pools of forest floor total phosphorus (P) 
and potassium (K) were larger in annually fertilized plots than in control plots after 12 
years. Extractable P, N, and S, and exchangeable K and magnesium levels were also 
higher in intensively fertilized forest floors and mineral soils at Crow Creek. These 
results indicate that large and frequent nutrient additions may increase the rate of N 
cycling and site quality and may also promote above- and below-ground C sequestration. 
The low levels of soil NO3–N at Crow Creek indicate minimal nitrification and/or rapid 
N uptake or immobilization of added N in vegetation and soils. Also, the continuous 
input of organic C from above- and below-ground sources may increase the 
immobilization capacity in these repeatedly fertilized soils. The apparent high retention 
capacity of the added N at Crow Creek and low levels of NO3–N indicates that this 
system is not N saturated. In contrast, yearly fertilization of lodgepole pine at Kenneth 
Creek had no measurable effects on forest floor mass; C/N ratio; mineralizable N; and 
total N, C, and S. Relatively high forest floor and mineral soil NO3–N levels in heavily 
fertilized treatment plots may indicate N saturation and high NO3

–  leaching potential. The 
coarse-textured soils, relatively high precipitation, and poor tree growth may have 
contributed to high leaching losses in repeatedly fertilized treatments at Kenneth Creek.  
 
 
INTERMIM 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.  Substantial 
12-year stand level growth responses at two of the three spruce study sites indicate that 
large reductions in rotation length are potentially achievable by repeated fertilization of 
young spruce plantations in the B.C. interior.  In contrast, large and frequent nutrient 
additions are apparently less effective in stimulating the growth of young lodgepole pine 
stands.  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 at some pine sites (Brockley 2007a).  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 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.  Root and soil biota characteristics at other 
lodgepole pine and spruce “maximum productivity” sites are currently being examined to 
further understand the possible relationship between tree species and above- and 
belowground changes following repeated fertilization and the functional relevance of 
these effects. 
 
It is not possible to ascribe the different responses of forest floor mass and soil chemistry 
to annual fertilization at the Kenneth Creek and Crow Creek study sites to a specific 
cause, nor is it possible to state with certainty that the previously reported differences in 
tree growth responses, fine roots, and soil biota at pine and spruce “maximum 
productivity” sites are directly linked to the changes in soil properties. However, the 
reported large differences in growth and N nutrition between lodgepole pine and interior 
spruce across soil disturbance treatments at two SBS sites in central British Columbia 
indicate that these two species may respond differently to site manipulation.  
Examination of soil properties at other pine and spruce “maximum productivity” study 
sites is needed to further understand the relationship between tree species and/or site and 
above- and below-ground changes following repeated fertilization and the functional 
relevance of these effects.  
 
Intensive fertilization would unlikely be economically viable if undertaken solely to 
increase wood fibre production. However, the high costs associated with frequent nutrient 
additions may be more practicable if the benefits of growth gains are combined with the 
potential benefits of soil rehabilitation and increased above- and below-ground C 
sequestration. Results from this study indicate that repeated fertilization may be an 
effective way to build up soil organic matter reserves and sequester atmospheric C on 
sites where increased tree growth stimulates litter production, root growth, and 
understorey development. Intensive fertilization may, therefore, be a biologically viable 
management option for rehabilitating forested sites that have been degraded from poor 
management practices such as severe broadcast burning or scarification and for reducing 
the contribution of greenhouse gas emissions to climate change. However, our results 
indicate that not all forested sites offer equal opportunities in this regard. Also, the 
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amount of greenhouse gas emissions through all stages of forest fertilization (i.e., 
fertilizer manufacture, transportation, aerial application, and release of greenhouse gasses 
after application) must be considered when evaluating the net effect of intensive 
fertilization on C sequestration.  
 
 
CONTACT INFORMATION 
 
For more information contact: 
Rob Brockley 
B.C. Ministry of Forests and Range 
Phone: (250) 260-4768 
Email: Rob.Brockley@gov.bc.ca
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