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Abstract: The effects of different regimes and frequencies of repeated fertilization (applied periodically and yearly) on the
foliar nutrition and growth of young lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.) were investi-
gated in central British Columbia. After 12 years, tree and stand growth responses indicated modest positive effects of two
applications of nitrogen (N) and boron, with relatively large incremental gains to added sulphur and other nutrients (com-
plete). 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 50–100 kg N/ha over 12 years (825 kg N/ha in total) pro-
duced only slightly more ‘‘extra’’ wood than two applications of the multinutrient, complete fertilizer (400 kg N/ha in to-
tal) (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 shorter trees and less stand volume increment than periodic fertilization with the complete fertil-
izer. 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.

Résumé : Nous avons étudié les effets de différents régimes et différentes fréquences de fertilisations répétées (appliquées
de façon périodique ou annuelle) sur la nutrition et la croissance de jeunes pins tordus latifoliés (Pinus contorta Dougl. ex
Loud. var. latifolia Engelm.) dans le centre de la Colombie-Britannique. Douze ans après les traitements, la réaction de
croissance des arbres et des peuplements indiquaient des effets positifs, mais modestes, à la suite de deux applications
d’azote (N) et de bore, avec des gains d’accroissement relativement importants lorsque du soufre et d’autres nutriments
(complet) étaient ajoutés. Malgré de fortes augmentations de l’indice de surface foliaire effective et de la concentration fo-
liaire en N comparativement au témoin et aux traitements périodiques, les applications annuelles de fertilisants étaient rela-
tivement inefficaces pour stimuler la croissance. Lorsqu’elle était combinée à des additions fréquentes d’autres nutriments
essentiels, la fertilisation annuelle de 50–100 kg N/ha pendant 12 ans (825 kg N/ha au total) a produit seulement un peu
plus de bois que deux applications du fertilisant complet (nutriments multiples, 400 kg N/ha au total) (19,4 m3/ha vs. 17,2
m3/ha respectivement). Le traitement de fertilisation le plus intensif (1 550 kg N/ha plus d’autres nutriments pendant 12
ans) a produit des arbres plus courts et un accroissement en volume du peuplement moins élevé que la fertilisation périod-
ique avec le fertilisant complet. Les traitements ont peut-être négativement affecté la croissance des arbres dans les par-
celles intensivement fertilisées en induisant des changements dans la dynamique des peuplements et dans l’allocation de la
croissance, en perturbant l’équilibre de la nutrition foliaire et en modifiant la biocénose du sol et la structure des commu-
nautés végétales du sous-étage.

[Traduit par la Rédaction]

Introduction

A smaller timber harvesting land base, combined with
age-class imbalances in the timber inventory and large mor-
tality losses caused by the mountain pine beetle (Dendroc-
tonus ponderosae Hopk.), are creating serious timber supply
challenges for the forestry sector in the interior of British
Columbia. Without strategic intervention, significant mid-
term timber supply shortfalls are forecast for many interior
forest management units (British Columbia Ministry of For-

ests and Range 2006). To impact short- and mid-term timber
supply, mitigation strategies must focus on increasing the
productivity and accelerating the development of established
stands. Accelerating the development of extensive stands of
young planted and naturally regenerated lodgepole pine
(Pinus contorta Dougl. ex Loud. var. latifolia Engelm.) may
be particularly important in this regard.

Precommercial thinning and fertilization are the primary
silvicultural options for accelerating the harvest operability
of existing immature forests. However, unlike thinning, fer-
tilization increases tree growth and piece size without sacri-
ficing harvest volume. As such, fertilization may be
particularly useful tool for accelerating the development of
immature stands so that they may be harvested sooner.

During the past 20 years, extensive research has been
undertaken to determine the nutritional status of immature
lodgepole pine forests in the interior of British Columbia
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and to document the effectiveness of a single fertilizer appli-
cation on improving tree and stand growth across a wide
range of sites. These studies have confirmed that nitrogen
(N) deficiencies are widespread throughout the region, and
that N additions often have a substantial positive effect on
tree and stand growth (Brockley 1996, 2001b). Other nu-
trient deficiencies, either induced or aggravated by N fertil-
ization, have also been implicated as factors limiting the
growth response of some N-fertilized interior forests
(Brockley 1995; Brockley and Sheran 1994; Kishchuk et al.
2002). Recent studies have confirmed that growth responses
may be enhanced if sulphur (S) and (or) boron (B) is com-
bined with N in fertilizer prescriptions (Brockley 2000,
2003, 2004).

A single fertilizer application typically produces only a
temporary increase in tree and stand growth. However, fer-
tilization research with Pinus species in other forest regions
has indicated that sustained growth responses are potentially
achievable by repeatedly fertilizing young stands (Tamm et
al. 1999; Albaugh et al. 2004; Ringrose and Neilsen 2005).
In the interior of British Columbia, sustained productivity
gains would be of huge benefit in addressing timber supply
challenges, such as the amount and timing of future har-
vests.

Beginning in 1992, a small network of lodgepole pine and
interior spruce (white spruce, Picea glauca (Moench) Voss;
Engelmann spruce, Picea engelmannii Parry ex Engelm.;
and their hybrids) ‘‘maximum productivity’’ field installa-
tions was established by the British Columbia Ministry of
Forests on representative sites within three major biogeocli-
matic zones in the interior of British Columbia. The objec-
tives of this study are to (i) compare the effects of different
regimes and frequencies of repeated fertilization on the fo-
liar nutrition, growth, and development of young forests in
the interior of British Columbia and (ii) determine the ef-
fects of large nutrient additions on above- and below-ground
timber and nontimber resources. A total of eight installations
(five 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 two sites are in the Engel-
mann Spruce – Subalpine Fir (ESSF) and Montane Spruce
(MS) biogeoclimatic zones (Meidinger and Pojar 1991).

This paper examines the effects of repeated fertilization
on lodgepole pine foliar nutrition and tree- and stand-level
growth and development over 12 years at one SBS study
site in central British Columbia.

Methods

Location and site description
The Sheridan Creek installation is located 7.5 km east of

McLeese Lake, B.C. (52825’N, 122811’W) within the Black-
water variant of the dry warm subzone of the Sub-Boreal
Spruce Biogeoclimatic Zone (SBSdw2) (Steen and Coupé
1997). The cool continental climate is characterized by
warm, moist summers and cool to cold, snowy winters. An-
nual precipitation averages about 500 mm, slightly more
than one-half of which occurs during the May through Sep-

tember period. Soil and vegetation description indicates the
site belongs to the zonal SxwFd – Pinegrass (01) site series
(Steen and Coupé 1997). It occurs on a moderately well-
drained, gently undulating morainal blanket. The rooting
zone has a loamy texture with about 25% volume of gravel
and cobbles of acidic, igneous intrusive lithology. There is a
root-restricting layer at 35 cm below which the texture is
more clay rich with more coarse fragments. The soil is clas-
sified as a Brunisolic Gray Luvisol (Soil Classification
Working Group 1998).

The site is occupied by a naturally regenerated lodgepole
pine stand that originated from a 1978 clearcut and subse-
quent drag scarification. At the time of installation establish-
ment in 1992, the 13-year-old stand had a mean stand
density of 20 000 stems/ha. All treatment plots were thinned
to a uniform density of 1100 stems/ha during plot establish-
ment. Using growth-intercept methodology (Nigh 1997), the
estimated site index of lodgepole pine occupying the site is
21 m at 50 years. Initial stand characteristics are described
in Table 1.

Pretreatment foliar nutrient status is summarized in Ta-
ble 2. Mean foliar N levels (11.1 g/kg) indicated moderate
to severe N deficiency according to foliar nutrient diagnostic
criteria developed for lodgepole pine (Ballard and Carter
1986; Brockley 2001a). Pretreatment mean foliar sulphate-S
(SO4) concentration (57 mg/kg) indicated moderate S defi-
ciency, based on published foliar SO4 interpretative criteria
for conifers (Turner et al. 1977; Brockley 2000). Other plant
nutrients were generally well supplied.

Study establishment
Six treatments are replicated three times for a total of

eighteen 0.164 ha treatment plots. The six treatments are as
follows: (i) control (i.e., not fertilized); (ii) NB: fertilize
every 6 years with 200 kg N/ha and 1.5 kg boron (B)/ha;
(iii) NSB: fertilize every 6 years with 200 kg N/ha, 50 kg
S/ha, and 1.5 kg B/ha; (iv) complete: fertilize every 6 years
with 200 kg N/ha, 100 kg phosphorus (P)/ha, 100 kg potas-
sium (K)/ha, 50 kg S/ha, 25 kg magnesium (Mg)/ha, and 1.5
kg B/ha; (v) optimum nutrition 1 (ON1): yearly fertilization
to maintain foliar N concentration at 13 g/kg and other nu-
trients in balance with foliar N; (vi) optimum nutrition 2
(ON2): yearly fertilization to maintain foliar N concentration
at 16 g/kg and other nutrients in balance with foliar N.

Boron is added to the NB, NSB, and complete treatments
to safeguard against the possibility of B deficiencies induced
by repeated N additions. The NSB and complete treatments
are included to test for incremental growth responses attrib-
utable to S and other added nutrients.

The ON1 and ON2 treatments are patterned after ‘‘op-
timum nutrition’’ experiments in Sweden (Tamm et al.
1999) and Canada (Weetman et al. 1995; Kishchuk et al.
2002), in which N is added frequently to maintain elevated
foliar N levels. The ON1 and ON2 treatment plots typically
receive 50–100 kg N/ha and 100–200 kg N/ha, respectively,
each spring. Other nutrients (e.g., P, K, Mg, S, and B) are
added periodically to provide an appropriate nutrient balance
and to minimize growth limitations caused by secondary de-
ficiencies. Yearly fertilizer prescriptions for ON1 and ON2
treatments are developed following foliar sampling and nu-
trient analysis each fall.
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Each 0.164 ha rectangular treatment plot consists of an
inner, square 0.058-ha ‘‘assessment’’ plot surrounded by a
treated buffer. Three sides of the assessment plot are sur-
rounded by a 6.04 m buffer; the enlarged buffer on the
fourth side (15.1 m) provides an area for future destructive
sampling. Each treatment plot contains approximately 180
crop trees, equivalent to a stand density of 1100 trees/ha 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 as-
sessment plot and buffer were selected and removed at the
time of plot establishment.

Treatment plots were systematically located so that
within- and among-plot conditions (e.g., stand density, tree
height, tree diameter at breast height (DBH), soil character-
istics, and minor vegetation) were as uniform as possible.
The outer boundaries of adjacent treatment plots are sepa-
rated by a minimum distance of 5 m. A minimum distance
of 20 m separates the outer treatment plot boundaries from
roads or large stand openings.

Treatment plots were grouped into three blocks (e.g., six
plots per block) such that site and stand conditions were as
uniform as possible within each block. Each of the six treat-
ments was randomly assigned to one plot within each block.

Foliar sampling and analysis
Replicated samples of current year’s foliage were col-

lected 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 was collected in the
fall prior to the initial fertilization (year 0) and after the 3rd,
6th, 9th and 12th year. Foliage was also collected in the fall
following each fertilizer application (1st and 7th year).

At each sampling date, foliage was collected from 10
healthy dominant or codominant trees that were evenly dis-
tributed within each assessment plot. Samples were collected
from the lower portion of the top one third of the live
crown, consistent with standardized foliar sampling guide-
lines (Brockley 2001a). Whenever possible, the same trees
were sampled each year. Individual foliage samples were
frozen following field collection and then dried in a forced-
air oven at 70 8C for 24 h before analysis. One composite
sample, consisting of equal amounts of foliage from each of
the 10 trees per treatment plot, was prepared for chemical
analysis.

Foliage collected prior to year 8 was analyzed by a com-
mercial laboratory. Foliage was digested using a variation of
the sulphuric acid – hydrogen peroxide procedure described
by Parkinson and Allen (1975). The digests were analyzed
colorimetrically for N on a Technicon autoanalyzer using
the Bertholot (phenol–hypochlorite) reaction (Weatherburn
1967). A spectrophotometer measured P, using a procedure
based on the reduction of the ammonium molybdiphosphate
complex by ascorbic acid (Watanabe and Olson 1965). Total
K, calcium (Ca), and Mg were determined by atomic ab-
sorption spectrophotometry. Separate subsamples were dry-

Table 1. Tree and stand characteristics by treatment regime in October 1992, immedi-
ately after establishment.

Treatment*
QMD
(cm){

Height
(m)

DBH/height
(cm/m){ SDI§

Basal area
(m2/ha)

Volume
(m3/ha)

Control 4.77 4.23 1.22 78 1.91 3.85
NB 4.93 4.30 1.26 82 2.05 4.18
NSB 4.81 4.22 1.30 79 1.91 3.83
Complete 4.54 4.10 1.34 72 1.68 3.29
ON1 4.85 4.30 1.39 80 1.96 4.01
ON2 4.95 4.24 1.46 82 1.94 3.90

*Control, not fertilized; NB, fertilize every 6 years with nitrogen and boron; NSB, fertilize every
6 years with nitrogen, sulphur, and boron; complete, fertilize every 6 years with nitrogen, phosphorus,
potassium, magnesium, sulphur, and boron; ON1, yearly fertilization to maintain foliar nitrogen
concentration at 13 g/kg and other nutrients in balance with foliar nitrogen; ON2, yearly fertilization
to maintain foliar nitrogen concentration at 16 g/kg and other nutrients in balance with foliar nitrogen.
See text for details.

{QMD, quadratic mean diameter.
{DBH, diameter at breast height.
§SDI, stand density index = trees per hectare � (QMD/25)1.6 (Long 1985).

Table 2. Initial foliar nutrient concentrations of lodgepole pine by treatment.

Treatment N (g/kg) P (g/kg) K (g/kg) Ca (g/kg) Mg (g/kg) S (g/kg) SO4-S (mg/kg) B (mg/kg)

Control 10.7 (0.52) 1.37 (0.03) 5.10 (0.31) 1.60 (0.12) 0.91 (0.04) 0.81 (0.04) 66 (21) 14.3 (1.2)
NB 11.0 (0.26) 1.40 (0.00) 4.87 (0.03) 1.50 (0.06) 0.96 (0.01) 0.86 (0.01) 50 (9) 15.7 (0.7)
NSB 10.8 (0.43) 1.40 (0.00) 4.93 (0.19) 1.50 (0.15) 0.97 (0.04) 0.85 (0.01) 46 (10) 15.0 (0.0)
Complete 11.6 (0.37) 1.53 (0.03) 5.23 (0.33) 1.63 (0.13) 0.96 (0.05) 0.92 (0.02) 59 (1) 14.0 (1.0)
ON1 11.3 (0.58) 1.47 (0.03) 5.30 (0.12) 1.60 (0.12) 1.00 (0.05) 0.88 (0.02) 72 (3) 14.3 (1.2)
ON2 11.0 (0.39) 1.43 (0.07) 5.00 (0.17) 1.53 (0.03) 0.96 (0.04) 0.87 (0.04) 48 (11) 15.3 (1.4)
LSD* 1.3 0.11 0.67 0.34 0.13 0.08 35 3.2

Note: For each treatment, values are means of three composite samples with SEs given in parentheses. See text for treatment descriptions.
*Least significant difference (p = 0.05).
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ashed and copper (Cu), zinc (Zn), and iron (Fe) concentra-
tions were determined by atomic absorption spectrophotom-
etry. After dry ashing, B was determined colorimetrically
using the azomethine-H method described by Gaines and
Mitchell (1979). Total S was determined by combustion us-
ing a LECO sulphur analyzer. Inorganic sulphate S was ex-
tracted with boiling 0.01 N hydrochloric acid (HCl) and
determined colorimetrically on a hydriodic acid – bismuth
reducible distillate (Johnson and Nishita 1952).

Foliage samples that were collected after year 7 were sent
to the B.C. Ministry of Forests laboratory. Analysis of total
N was by combustion using a Fisons NA-1500 elemental
analyzer. All other macro- and micro-nutrients were wet
ashed with concentrated nitric acid – HCl (vanadium added
as internal standard) and hydrogen peroxide, using a closed-
vessel microwave digestion system (Kalra and Maynard
1991). The digest solutions were diluted with HCl and indi-
vidual nutrients were determined by inductively coupled
plasma optical emission spectrometer. Sulphate-S was ex-
tracted with dilute HCl and determined by ion chromatogra-
phy (Waters IC system).

Foliar analysis results can be affected by interlaboratory
differences in analytical methodology used for the extraction
and determination of foliar nutrients. One hundred individ-
ual foliage samples were submitted to both the commercial
laboratory and the Ministry of Forests laboratory to evaluate
the consequences of switching analytical laboratories. For
most nutrients, interlaboratory differences were small. How-
ever, N levels were consistently higher in foliage submitted
to the Ministry of Forests laboratory (dry combustion) than
in foliage analyzed by the commercial laboratory (modified
Kjeldahl wet digestion). Conversely, foliar S levels were
consistently lower in foliage analyzed by the Ministry of
Forests laboratory (wet digestion followed by ICP determi-
nation) than in foliage submitted to the commercial labora-
tory (dry combustion). Interlaboratory foliar N and S
relationships were examined using simple linear regression
analysis. Regression models that explained 95% and 88% of
the interlaboratory variation in foliar N and S, respectively,
were used to ‘‘normalize’’ foliar N and S values obtained
from the Ministry of Forests laboratory and thus facilitate
year-to-year comparisons of foliar nutrient data.

Fertilization
The NB fertilizer was a customized combination of urea

(46:0:0; N:P:K) and granular borate (15% B) blended to de-
liver 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 were combined to deliver 200N, 50 kg S/ha
(50S), and 1.5B in the NSB treatment.

Urea was the major source of N in the complete treat-
ment. A small amount of N (24% of the total) was added as
monoammonium phosphate (11:52:0; N:P:K), which also
served as the P source. Potassium was delivered as potas-
sium chloride (0:0:60; N:P:K) and sulphate potash magnesia
(0:0:22:22:11; N:P:K:S:Mg). The latter fertilizer was also
the source of S and Mg. As in the NB and NSB treatments,
B was added as granular borate. The individual sources were
combined to deliver 200N, 100P, 100K, 50S, 25Mg, and
1.5B.

Yearly fertilizer prescriptions for ON1 and ON2 treat-

ments were developed following foliar sampling and nu-
trient analysis each fall. Individual nutrients were included
in customized blends in amounts and frequencies that were
deemed necessary to keep nutrient ratios (e.g., N/P, N/K, N/
S, and N/Mg) below critical thresholds indicated in pub-
lished forest nutrition literature (Ingestad 1979; Linder
1995; Braekke and Salih 2002). Specifically, the upper
threshold targets for foliar nutrient ratios were as follows:
N/P, 10; N/K, 3; N/S, 15; N/Mg, 20; N/Ca, 20; N/B, 1000.

All NB, NSB, and complete treatment plots were fertil-
ized in the spring (soon after snowmelt) following installa-
tion establishment and were refertilized in the spring
following the 6th year remeasurement. Customized fertilizer
blends were applied to the ON1 and ON2 treatment plots
each spring. Urea was 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 was always added as monoam-
monium phosphate. Sulphate potash magnesia was used ex-
tensively as a source of K, S, and Mg. Potassium chloride,
ammonium sulphate, and ProMag 36 (36% Mg) were used
to supply additional K, S, and Mg, respectively. Boron was
supplied as granular borate.

Each treatment plot was divided into 16 equal-sized sec-
tions prior to fertilizer application. Premeasured amounts of
the specified fertilizer blend were uniformly broadcast ap-
plied by hand to each of the 16 sectors.

The complete fertilization history at Sheridan Creek from
the time of installation establishment (year 0) through year
12 is shown in Table 3.

Tree growth
The DBH, total height, and tree form and condition was

recorded for all 64 tagged trees within each assessment plot
in October 1992, immediately after plot establishment.
These measurements were repeated in the fall of 1998 (6th
year) and in the fall of 2004 (12th year). The crown width
(i.e., the vertically projected maximum horizontal distance
between opposite crown margins) of each tagged tree was
also measured in 2004.

Diameter measurements were taken with a steel diameter
tape at a permanently marked point approximately 130 cm
above the ground. A telescoping height pole was used for
initial tree height measurements. In 1998 and 2004, height
measurements were taken with a Forestor Vertex1 hypsom-
eter. Crown width was measured in two directions (at right
angles) with a steel measuring tape.

Leaf area index
An indirect estimate of stand leaf area index (LAI), com-

monly referred to as effective LAI (LAIe) (Chen and Black
1991), was obtained for each treatment plot in early June
2005 (before bud flush) following the 12th growing season
after initial fertilization using a LI-COR LAI-2000 plant
canopy analyzer (LI-COR, Inc. 1991). Several studies have
shown a strong positive correlation, but negative bias (due
to tree and stand foliage clumping), between LAIe estimates
obtained with the LAI-2000 in conifer stands and direct LAI
values determined by dimension analysis (Smith et al.
1993).

Within each treatment plot, measurements were obtained
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at a height of 80–100 cm above the ground at the nine per-
manently marked points used to facilitate fertilizer applica-
tion. Two readings were obtained at each point, one facing
northwest and the other facing northeast before and after so-
lar noon, respectively. Sensors were equipped with a 1808
view cap. Simultaneously, above-canopy light measurements
were collected in an open area adjacent to the study site
where the light sensor had an unobstructed view of the sky.
All measurements were made under uniformly overcast con-
ditions.

Data analysis
Treatment effects were determined for several tree and

stand characteristics. Individual-tree basal area (BA), total
height, volume, and DBH/height values for the three meas-
urement periods (0, 6, and 12 years) were analyzed with a
univariate (randomized block split-plot in time) repeated
measures analysis of variance (ANOVA) using the general
linear methods procedure (SAS Institute Inc. 2004). To relax
the covariance structure imposed by this model, tests of year

and year � treatment were corrected using the Huynh–Feldt
(H–F) adjustment � (Huynh and Feldt 1976). This adjust-
ment involves multiplying the numerator and denominator
degrees of freedom by � before determining significance lev-
els for the F tests. Using only those trees alive after 12 years,
stand BA and volumes per hectare were determined for each
measurement by summing individual tree values in each plot
and converting plot area to a per-hectare basis. Per-hectare
stand values for each treatment plot were subjected to re-
peated-measures ANOVA, also using the H–F adjustment.
Individual-tree volumes (inside bark) were calculated from
a variable-exponent taper function that was developed for
lodgepole pine in the central interior of British Columbia
(Kozak 1988). Calculated stem volumes do not account for
possible treatment-related changes in tree taper and form.

One to 12 year BA, height, and volume increments were
calculated for all trees alive after 12 years and were ana-
lyzed by analysis of covariance (ANCOVA), with initial
height, BA, and volume, respectively, acting as covariates.
The 1–12 year stand BA and volume increments (entire

Table 3. Nutrient additions (kg/ha) to ON1 and ON2 treatment plots from 1993 (year 0) to 2004 (year 12).

ON1 treatment ON2 treatment
Year N P K S Mg B Fe Cu N P K S Mg B Fe Cu

1993 100 100 100 50 25 1.5 . . 200 100 100 50 25 1.5 . .
1994 100 100 100 50 25 . . . 200 100 100 50 25 . . .
1995 100 100 100 50 25 . . . 200 100 100 50 25 . . .
1996 100 . . 17 100 . . . 200 . . 17 100 . . .
1997 . . . . . . . . . . . . . . . .
1998 50 50 50 50 50 1.5 . . 100 50 50 50 50 1.5 . .
1999 50 . . . . . . . 100 . . . . . . .
2000 100 50 50 63 32 . . . 150 50 50 63 32 . . .
2001 50 . . . . . . . 100 . . . . . . .
2002 50 . . . . 1.5 . . 100 . . . . 1.5 . .
2003 50 . . 50 . . . . 100 50 50 50 25 . . .
2004 75 50 50 3 . 1.5 10 5 100 50 50 3 . 1.5 10 5
Total 825 450 450 333 257 6 10 5 1550 500 500 333 282 6 10 5

Note: There was no fertilization in 1997.
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stand component and largest 250 trees/ha) were analyzed in
a similar fashion. The crown width and LAI measurements
that were obtained at year 12 were subjected to ANOVA.
For all of these analyses, a priori single degree of freedom
contrasts were used to test for differences between unfertil-
ized and ‘‘periodic’’ fertilizer treatments (i.e., control vs.
NB, NSB, and complete), between ‘‘periodic’’ and ‘‘annual’’
fertilization (i.e., NB, NSB, and complete vs. ON1 and ON2),
and between the two ‘‘annual’’ treatments (i.e., ON1 vs. ON2).

A level of significance of � = 0.05 is used throughout the
text for inferring statistical significance.

Results
Foliar nitrogen

Pretreatment foliar N levels in control, ON1, and ON2
treatments and patterns of changes over time are illustrated
in Fig. 1.

Foliar N levels in control plots fluctuated between 10 and
12 g/kg during the 12 year observation period. In contrast,
foliar N concentrations in ON1 and ON2 treatment plots re-
sponded positively following the initial fertilizer application
and remained higher than control N levels through year 12.
The different rates of yearly fertilization created distinct
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separation between the foliar N levels in the control, ON1,
and ON2 treatments. However, the target value of 16 g/kg
for the ON2 treatment had still not been achieved after
12 years of repeated fertilization.

As illustrated in Fig. 2, foliar N levels responded posi-
tively, and more or less equally, to the initial application of
NB, NSB, and complete fertilizers. Foliar levels dropped
sharply thereafter and were at or below control levels after
3 years. Foliar N also increased sharply in NB, NSB, and

complete treatments in the year following refertilization
(year 7) (Fig. 2). However, treatment differences were less
evident by year 9 and had completely disappeared by year
12.

Foliar nutrient balance
Periodic inclusion of P, K, Mg, S, and B in ON1 and ON2

fertilizer regimes maintained absolute foliar concentrations
of these nutrients at, or above, pretreatment levels (data not
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shown). Consequently, favourable balances between N and
these added macro- and micro-nutrients were generally
maintained in repeatedly fertilized trees (Fig. 3). However,
despite large K additions (500 kg K/ha in total), foliar N/K
ratios in the ON2 treatment remained above, or near, the de-
sired upper threshold throughout the 12 year study period

(Fig. 3b). Foliar N/Mg ratios in ON1 and ON2 treatments
increased sharply shortly after trial establishment but have
remained below the target threshold since year 6 (Fig. 3d).
Supplementary Ca was not included in ON1 and ON2 fertil-
izer regimes, and absolute foliar Ca levels in ON1 and ON2
treatments generally declined relative to the control treat-

Table 4. Repeated measures ANOVA summary table for tree basal area (cm2), height (m), volume (dm3), and
DBH/height (cm/m) showing observed F statistics, probability (p) values, and error mean squares.

Basal area Height Volume DBH/height

Source of variation df F p > F F p > F F p > F F p > F

Between subjects
Treatment 5 10.61 <0.001 2.32 0.121 5.67 0.010 17.70 <0.001
Error mean square 10 3469.35 6.52 902.95 0.118

Within subjects
Year 2 4188.95 <0.001 1130.29 <0.001 746.67 <0.001 92.92 0.001
Error mean square 4 919.29 7.17 1255.54 0.218
Year � treatment 10 19.95 <0.001 3.99 0.011 8.74 0.002 15.50 <0.001
Error mean square 20 596.49 0.89 276.60 0.029
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ment over time (data not shown). Consequently, foliar N/Ca
ratios increased following fertilization, creating a distinct
separation between levels in control, ON1, and ON2 treat-
ments (Fig. 3f). However, N/Ca ratios remained below the
target threshold value of 20.

Favourable balances between N and added and nonadded
macro- and micro-nutrients (P, K, Mg, S, B, and Ca) were
also generally maintained following periodic application of
NB, NSB, and complete fertilizers (Fig. 4). Foliar N/P and
N/K target thresholds were slightly exceeded in the NB
treatment in year 7, one year following refertilization (Figs.
4a and 4b). Foliar N/S ratio in the NB treatment increased
sharply following refertilization and remained above the tar-
get threshold through year 9 (Fig. 4d).

Individual-tree growth
The effects of treatment on tree BA, height, volume, and

DBH/height varied differentially with time (i.e., year �
treatment interaction was statistically significant; Table 4;
Fig. 5). Among-treatment differences in BA, height, volume,
and DBH/height were small at the time of trial establish-
ment. Treatment effects on BA, volume, and DBH/height
were statistically significant at years 6 and 12 (data not
shown). For these three variables, differences between peri-
odic (NB, NSB, and complete) and annual (ON1 and ON2)
fertilizer treatments were statistically significant in both
measurement periods (data not shown). For BA and volume,
treatment differences became more pronounced over time
(Figs. 5a and 5c). Treatment effects on tree height were stat-
istically significant in year 12 (data not shown), with the
trend of decreasing height in ON2 treatments becoming
more pronounced with time (Fig. 5b).

Fertilization had a small, but statistically significant, ef-
fect on 12 year height increment (Table 5; Fig. 6a). Periodic
fertilization (every 6 years) resulted in slightly larger height
increments (23–48 cm) than unfertilized trees over 12 years.
There was significantly more height increment associated
with periodic fertilization than with yearly fertilization
(Table 5; Fig. 6a). Also, the most intensive fertilization
treatment (ON2) had a significantly smaller 12 year height
increment than the ON1 treatment (Table 5; Fig. 6a).

The effects of fertilization on mean 12 year BA and vol-
ume increment are shown in Table 5 and Figs. 6b and 6c.
Periodic applications of NB, NSB, and complete fertilizers
resulted in significantly more BA and volume increment
relative to control growth over 12 years (Table 5). Among

periodic treatments, repeated applications of NSB and com-
plete fertilizers were considerably more effective than NB in
stimulating tree growth (Figs. 6b and 6c). Yearly nutrient
additions (ON1 and ON2) resulted in significantly more BA
than application of NB, NSB, and complete fertilizers every
6 years. The difference in 12 year BA increment between
the ON1 and ON2 treatments was not statistically significant
(Table 5). Volume increments showed a similar trend, but
the difference between periodic and yearly treatments was
not statistically significant (p = 0.062) (Fig. 6c). In fact,
two applications of NSB or complete fertilizer equaled or
exceeded the 12 year volume increment achieved by yearly
fertilization of ON2 treatment plots (Fig. 6c).

Stand growth
A small amount of mortality occurred in most treatment

plots during the winter immediately following plot establish-
ment and thinning. Most of the mortality was associated
with snowpress caused by heavy, wet snow followed by
freezing conditions. There was very little mortality in most
treatments thereafter, except for ON2 plots where mortality
gradually increased throughout the study period. After
12 years, mean survival in the ON2 treatment was 92%; sur-
vival in the other treatment regimes ranged from 94% to
98%.

The effects of treatment on stand BA and volume varied
differentially with time (Table 6; Fig. 7). Among-treatment
differences in stand BA were small at the time of trial estab-
lishment but were statistically significant in years 6 and 12
(data not shown). For BA, differences between periodic and
annual fertilization were statistically significant in both
measurement periods (data not shown). Treatment effects
on stand volume were statistically significant only at year
12 (data not shown). For both variables, treatment differen-
ces became more pronounced over time (Fig. 7).

The effects of fertilization on mean 12 year stand BA in-
crement are shown in Table 7 and Fig. 8. For the whole
stand component (all trees), 12 year stand BA increment
was significantly affected by treatment. Relative stand BA
gains from periodic fertilization (every 6 years) were signifi-
cantly larger than the unfertilized treatment over 12 years
(Table 7; Fig. 8a). As with individual-tree responses, NSB
and complete fertilizers were considerably more effective
than additions of NB on stand BA increment (Fig. 8a). The
effect of fertilization frequency was also statistically signifi-
cant; there was more BA increment associated with yearly

Table 5. ANCOVA summary table for 12 year tree height increment (m), basal area increment (cm2)
and volume (dm3) increment showing observed F statistics, probability (p) values, and error mean
squares.

Height increment Basal area increment Volume increment

Source of variation df F p > F F p > F F p > F

Treatment 5 4.16 0.026 23.07 <0.001 12.56 <0.001
Control versus periodic 1 5.50 0.041 47.99 <0.001 34.20 <0.001
Periodic versus annual 1 8.66 0.015 19.17 0.001 4.40 0.062
ON1 versus ON2 1 7.97 0.018 0.06 0.808 1.92 0.196

Covariate 1 1.11 0.317 278.84 <0.001 322.79 <0.001
Error mean square 10 2.78 1902.63 692.25
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fertilization than with periodic fertilization (Table 7;
Fig. 8a). Similar treatment effects were evident in the larg-
est 250 trees/ha (Table 7; Fig. 8b). Although not statistically
significant, the 12 year BA increment in the ON2 treatment
was slightly smaller than in the ON1 treatment for the entire
stand component (Fig. 8a). Conversely, stand BA increment

of the largest trees was slightly larger in the ON2 relative to
the ON1 treatment (p = 0.092) (Fig. 8b).

The effects of fertilization on mean 12 year stand volume
increment are shown in Table 7 and Fig. 9. For the whole
stand component (all trees), 12 year stand volume increment
was significantly affected by treatment. Relative stand vol-
ume gains from two applications of NB, NSB, and complete
fertilizers were significantly larger than the unfertilized
treatment (Table 7; Fig. 9a). Total volume increment in the
periodic treatment plots averaged 13.5 m3/ha (29%) greater
than in the unfertilized treatment plots over 12 years. Stand
volume gains for the NB, NSB, and complete treatments
were 8.8, 14.5, and 17.2 m3/ha, respectively. The largest
stand volume gains were achieved by the ON1 treatment
regime (19.4 m3/ha). However, given the relative ineffec-
tiveness of the ON2 treatment (13.7 m3/ha), differences in
12-year stand volume increment between the periodic (NB,
NSB, and complete) and yearly (ON1 and ON2) treatments
were not statistically significant (Table 7). Treatment effects
for the periodic treatments were generally similar in the
largest 250 trees/ha compared with the entire stand compo-
nent (Table 7; Fig. 9b). For the largest 250 trees/ha, yearly
nutrient additions (ON1 and ON2) resulted in significantly
more volume increment than application of NB, NSB, and
complete fertilizers every 6 years. However, periodic appli-
cation of complete fertilizer was equally as effective as
yearly fertilization of the ON1 and ON2 treatments.

Crown characteristics
Crown width was positively affected by fertilization. The

crowns of trees that were periodically fertilized with NB,
NSB, or complete fertilizers were significantly wider than
crowns of unfertilized trees after 12 years (Table 8;
Fig. 10). Yearly fertilization (ON1 and ON2) resulted in sig-
nificantly wider tree crowns than periodic fertilization
(Table 8; Fig. 10). In year 12, there was no difference in
crown width between the ON1 and ON2 treatments.

Differences in LAIe between the control and periodic
treatments in year 12 were not statistically significant
(Table 8; Fig. 11). Yearly fertilization (ON1 and ON2) re-
sulted in significantly larger LAIe than periodic application
of NB, NSB, and complete fertilizers (Table 8; Fig. 11).
Although not statistically significant (p = 0.060), the most
intensive fertilization treatment (ON2) had a larger mean
LAIe than the ON1 treatment after 12 years (Fig. 11).

Discussion
After 12 years, tree and stand BA and volume responses

indicated modest positive effects of two applications of N
and B, with relatively large incremental gains to added S
and other nutrients. The results are consistent with reported
findings from several other lodgepole pine fertilizer research
trials in the interior of British Columbia, in which larger
growth responses were obtained by combining S with N in
fertilizer prescriptions (Brockley 1996, 2000, 2004). The
pretreatment foliar SO4 (~60 mg/kg) and N/S ratios (~12.8)
at this site indicated marginal S status and the possibility of
a differential response between NB and NSB treatments
(Brockley 2000). Although growth differences were small
during the 1–6 year response period, the growth differential
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between the NB treatment and the NSB and complete treat-
ments was much larger during the 6 year period following
refertilization in 1999. Whereas the foliar N/S ratio in the
NB treatment only slightly exceeded the deficiency
threshold (~15) one year following initial fertilization, a

foliar N/S ratio of 22 in the year following refertilization
with NB indicated moderate to severe S deficiency (Ballard
and Carter 1986; Brockley 2001a). The N/S ratios in NSB
and complete treatments remained below the threshold value
of 15 following refertilization. These results indicate that re-
peated N additions may exacerbate secondary nutrient defi-
ciencies in young lodgepole pine forests in central British
Columbia unless S (and possibly other nutrients) is included
with N in fertilizer prescriptions.

The inability of periodic additions of NB, NSB, and com-
plete fertilizers to stimulate height increment is consistent
with results previously reported following fertilization of
nonrepressed lodgepole pine and Scots pine (Pinus sylvestris
L.) (Pettersson 1984; Brockley 1996, 2005). Also, the
slightly smaller height increment in the ON2 treatment than
in other fertilized and unfertilized treatments agrees with
findings from other intensive fertilization experiments with
lodgepole pine and Scots pine (Tamm et al. 1999; Kishchuk
et al. 2002). Studies with Scots pine indicate that increased
N supply stimulates crown and stem radial growth more
than height growth (Albrektson et al. 1977; Tamm et al.
1999). The crowns of trees in the ON1 and ON2 treatments
in this study were, on average, 32%–33% wider than control
trees after 12 years. Increased branch diameter, branch mass,
shoot growth, and foliated shoot length in the ON2 treat-
ment at this site were also reported (Amponsah et al. 2004,
2005). Also, yearly fertilization (ON2) increased the hy-
draulic conductivity, sapwood permeability, and leaf specific
conductivity of lower branches. Amponsah et al. (2004) hy-
pothesized that the higher flow capacity of lower branches
may reduce the availability of water to support the growth
of the terminal leader and upper branches of repeatedly fer-
tilized trees.

Sophisticated and rigorous bole measurements are re-
quired to accurately determine the effects of fertilization on
stem shape. However, the proportional difference between
radial and height growth in fertilized than in unfertilized
trees in this study has apparently resulted in a more conical
shape (i.e., higher DBH/height ratio) of fertilized trees, espe-
cially in the most intensive fertilizer treatments (ON1 and
ON2). A limited degree of crowding is required to maximize
the height growth of lodgepole pine (Johnstone 1985). The
relatively low density (i.e., 1100 stems/ha) in this young
lodgepole pine stand and the opportunity for significant
crown expansion have likely exacerbated the conical shape

Table 6. Repeated measures ANOVA summary table for stand basal
area (m2/ha) and total volume (m3/ha) showing observed F statistics,
probability (p) values, and error mean squares.

Basal area Volume

Source of variation df F p > F F p > F

Between subjects
Treatment 5 4.87 0.016 3.37 0.048
Error mean square 10 0.966 24.21

Within subjects
Year 2 2690.95 <0.001 567.43 <0.001
Error mean square 4 0.251 29.13
Year � treatment 2 8.98 <0.001 4.80 0.002
Error mean square 20 0.187 7.76
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of fertilized trees. Large increases in tree taper may have
undesirable effects on stand volume and lumber recovery at
harvest (Middleton et al. 1995).

A unique feature of this study is the ability to compare
the growth achieved from balanced, yearly fertilization with
growth from less frequent nutrient additions. Despite large
increases in LAI and foliar N concentration in the ON1 and
ON2 treatments relative to the control and periodic treat-
ments, annual fertilization was relatively ineffective and in-

efficient in stimulating stand volume growth. When
combined with frequent additions of other essential nu-
trients, yearly applications of 50–100 kg N/ha (ON1) over
12 years (825 kg N/ha in total) produced only slightly more
‘‘extra’’ wood than two applications of the complete fertil-
izer (400 kg N/ha in total). At the highest fertilization level
(1550 kg N/ha over 12 years), the ON2 treatment actually
resulted in less stand volume increment than periodic fertil-

Table 7. ANCOVA summary table for 12 year stand basal area increment (m2/ha) and stand volume increment (m3/ha) by stand
component showing observed F statistics, probability (p) values, and error mean squares.

Basal area of all trees
Basal area of the
largest 250 trees/ha

Volume of all
trees

Volume of the largest
250 trees/ha

Source of variation df F p > F F p > F F p > F F p > F

Treatment 5 15.42 <0.001 24.71 <0.001 8.17 0.004 15.18 <0.001
Control versus periodic 1 34.62 <0.001 44.61 <0.001 23.19 <0.001 37.41 <0.001
Periodic versus annual 1 11.06 0.009 26.59 <0.001 1.82 0.210 7.42 0.023
ON1 versus ON2 1 0.92 0.364 3.56 0.092 2.84 0.126 0.50 0.498

Covariate 1 7.44 0.023 4.49 0.063 8.19 0.019 19.77 0.002
Error mean square 9 0.445 0.040 17.476 1.232
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ization with the complete fertilizer. Similar negative dose–
response relationships have been reported for heavily fertil-
ized jack pine (Pinus banksiana Lamb) and Scots pine in
boreal forests (Weetman et al. 1995; Tamm et al. 1999).
Conversely, loblolly pine (Pinus taeda L.) and radiata pine
(Pinus radiata D. Don) have responded favourably to large,
and frequent, nutrient additions (Albaugh et al. 2004; Ring-
rose and Neilsen 2005).

The 12 year relative stand volume gains in the ON1 and
ON2 treatments (41% and 29%, respectively) in this study
are within the range of growth responses that have been pre-
viously reported for similar response periods from intensive
fertilization studies with young Scots pine and lodgepole
pine in boreal and subboreal forests (Tamm 1985; Malkonen
and Kukkola 1991; Tamm et al. 1999; Kishchuk et al.
2002). However, the effectiveness of annual fertilization in
stimulating tree and stand development at this site is surpris-
ingly small given the elevated N levels and large increases
in LAI relative to the control and less intensive treatments.
As suggested by Tamm et al. (1999), the efficiency of
wood production per unit of light interception is apparently
lower at high rates of N addition. Treatment-induced
changes in growth allocation patterns and stand dynamics
may partially explain these results. As previously discussed,
a greater proportion of growth may have been allocated to
crown development in the ON2 treatment relative to other
treatments in this low-density stand. Proportionally more
growth in fertilized treatments may have been allocated to

stemwood production had stand density been higher. Also,
accelerated crown development and increased intertree com-
petition apparently reduced the growth of smaller diameter
trees in the ON2 treatment relative to the other fertilized
treatments. Based on the largest 250 trees/ha, tree and stand
BA and volume increments in the ON2 treatment equaled or
exceeded those of the complete and ON1 treatments. Com-
petition-induced mortality reduced the net stand volume re-
sponse following repeated fertilization of high-density jack
pine stand (Weetman et al. 1995).

Disruptions in foliar nutrient balance caused by large and
frequent N additions may also have contributed to the rela-
tively poor growth performance of trees in the ON2-fertilized
treatment plots. Despite the frequent use of multinutrient fer-
tilizer prescriptions, critical thresholds for foliar N/P, N/K,
and N/Mg ratios were periodically exceeded in the ON2
treatment plots at this study site. Although the critical thresh-
old for N/Ca ratio suggested by Braekke and Salih (2002)
was not exceeded, large increases in foliar N/Ca ratios were
also measured in the ON2-fertilized trees. Foliar nutrient im-
balance has been linked to reduced growth following large N
additions to Scots pine in Sweden (Tamm et al. 1999; Hog-
berg et al. 2006) and to red pine (Pinus resinosa Ait.) in the
northeastern United States (Bauer et al. 2004; Magill et al.
2004). Despite much higher foliar N levels, heavily fertilized
red pine 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

Table 8. ANOVA summary table for crown width (m) and leaf area index (m2/m2) at year
12 showing observed F statistics, probability (p) values, and error mean squares.

Crown width Leaf area index

Source of variation df F p > F F p > F

Treatment 5 26.30 <0.001 11.71 <0.001
Control verus periodic 1 30.48 <0.001 2.35 0.156
Periodic versus annual 1 54.32 <0.001 38.89 <0.001
ON1 versus ON2 1 0.02 0.885 4.47 0.060

Error mean square 10 0.7896 0.3767
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Con, control; Comp, complete treatment. See Table 1 for the other
treatment abbreviaitons.
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treatment. Values above bars indicate change relative to unfertilized
treatment. Con, control; Comp, complete treatment. See Table 1 for
the other treatment abbreviaitons.

Brockley 2127

# 2007 NRC Canada



acids (mainly arginine), little of the excess N was used to
produce photosynthetically active metabolites.

Berch et al. (2006) reported a significant depression of the
components of the mesofauna and microbial communities in
the ON2 treatment at this site. Ectomycorrhizal colonization
and fine root biomass and vigour were also negatively af-
fected by intensive fertilization, and shifts in ectomycorrhi-
zal community structure were also observed. Also, total
understory vegetation biomass was 75% higher in the ON2
treatment relative to that in the control treatment 5 years
after the initiation of fertilization treatments (Berch et al.
2006). A vigorous understory response was also reported in
another lodgepole pine fertilization study in central British
Columbia (Brockley 2005). Induced water stress or direct
competition for applied nutrients can reduce or eliminate
the positive effects of fertilization on brushy sites (Powers
and Reynolds 1999). Changes in soil biota and understory
communities following fertilization may have reduced nu-
trient availability and (or) contributed to impaired foliar nu-
trient balance in repeatedly fertilized trees and may have
increased the susceptibility of repeatedly fertilized trees to
moisture stress under droughty soil conditions.

After 12 years, the results from this study indicate that
large and frequent nutrient additions are likely relatively in-
effective and inefficient in stimulating the growth of young,
subboreal lodgepole pine. These results, and those reported
by Tamm et al. (1999), indicate that Pinus species growing
in subboreal and boreal forest regions may be less suited to
the N-rich regimes created by intensive fertilization than
other Pinus species growing in temperate and subtropical
climates. However, periodic fertilization with a balanced fer-
tilizer blend may be a potentially viable strategy for address-
ing timber supply challenges in the interior of British
Columbia. The effects of continued periodic fertilization on
future stand development and yield can be predicted from
TIPSY (table interpolation program for stand yields), a
growth and yield program that interpolates managed stand
yield tables generated by the TASS (tree and stand simula-
tor) growth and yield model (Mitchell et al. 2007). Using
the same relative growth response (31%) that was obtained
from two applications of NSB over the past 12 years and
assuming no additional growth response from these previous
treatments, two more applications of NSB fertilizer would
likely produce an additional 30–35 m3/ha of ‘‘extra’’ wood
over the next 12 years. Biological rotation length (i.e., cul-
mination of mean annual increment) or technical rotation
length (e.g., minimum merchantable harvest or target DBH)
would likely be reduced by 6 or 7 years compared with the
unfertilized stand. Each subsequent fertilization would likely
reduce harvest age by another 2 or 3 years.

Unfortunately, this fertilization research trial suffered
catastrophic mortality after being attacked by the mountain
pine beetle in 2005. The effects of different regimes and fre-
quencies of repeated fertilization on stand development and
on other above- and below-ground forest resources in sub-
boreal forests will continue at the remaining lodgepole pine
and interior spruce ‘‘maximum productivity’’ study sites.
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