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Using foliar variables to predict the response of
lodgepole pine to nitrogen and sulphur
fertilization

R.P. Brockley

Abstract: Six-year basal area responses to nitrogen (N) fertilizer, alone and in combination with sulphur (S), in 31
lodgepole pine Rinus contortaDougl. var.latifolia Engelm.) stands in the interior of British Columbia were compared
with pre-treatment measures of foliar N and S and first-year increases in fascicle mass to determine the utility of these
variables for predicting growth response and for determining appropriate fertilizer prescriptions. Results indicate that
pre-fertilization levels of foliar N or inorganic sulphate-S (J®nay be more reliable than the fascicle mass screening
method for predicting whether or not a significant stemwood response will occur following N fertilization. When com
bined, N and S@levels in unfertilized foliage explained 68% of the variation in relative basal area response to fertil
ization with N alone. Foliar nutrients were also useful for determining whether or not lodgepole pine would respond
incrementally to S when added in combination with N. Stands in which pre-fertilization folign8<60 mg/kg and

N/S ratio was>13 did not respond significantly to N alone but always responded significamtly + S. Conersely, a

foliar SO, level >60 mg/kg combined with a N/S ratio &fl2 always resulted in a favourable response to N with no
incremental benefit of added S.

Résumé: Leffet sur la surface terriere apres six ans d’'une fertilisation azotée (N), appliquée seule ou avec du soufre
(S), dans 31 peuplements de pin lodgepdegs contortaDougl. var.latifolia Engelm.) situés dans la zone intérieure

en Colombie Britannique a été étudié. Les résultats ont été comparés a des mesures de N et S foliaires prises préala-
blement aux traitements et a 'augmentation du poids des fascicules la premiére année dans le but de déterminer
I'utilité de ces variables pour prédire I'effet de la fertilisation sur la croissance ainsi que la quantité appropriée de ferti-
lisant a prescrire. Les résultats montrent que les niveaux préalables aux traitements de N ou S foliaires, sous forme de
sulphate inorganique (S sont plus fiables que la méthode de dépistage qui consiste a peser les fascicules pour pré-
dire si une fertilisation azotée va provoquer ou non une croissance importante de la tige. Combinés, les niveaux de N
et de SQ dans le feuillage non fertilisé expliquent 68% de la variation dans la réaction relative de la surface terriere a
la fertilisation azotée seule. Les nutriments foliaires étaient également utiles pour déterminer si le pin lodgepole réagi-
rait positivement ou non a I'ajout de S en combinaison avec N. Les peuplements dans lesquels le nivegdiode SO

liaire était<60 mg/kg et le rapport N/S étai#l3 avant la fertilisation n’ont pas réagi significativerh@N seul mais

ont toujours réagi significativeme N + S. A linverse, un niveau de SOoliaire >60 mg/kg combiné a un rapport

N/S <12 a toujours été associé a une réaction faverabN sans effet supplémentaire di a 'addition de S.

[Traduit par la Rédaction]

Introduction annually in the B.C. interior. Large silvicultural investments
have been made in young stands to increase the yield and
value of merchantable wood produced from this sizable
lodgepole pine resource. Although pre-commercial thinning
and pruning operations may improve the value of harvested
wood, they generally do not increase harvest volumes: For

.~ . est fertilization is unique, because if applied to appropriate
0,
accounted for 39% of the total harvest volume from mterlorSpeCieS and sites, it not only increases the size of individual

forests (B.C. Ministry of Forests 1998), making it the lead g0 oyt aiso produces “extra” wood per hectare.
ing commercial tree species in the province. The species ré . .
generates naturally and abundantly following wildfires and EXtensive research has been undertaken to determine the
clearcut harvesting. Lodgepole pine has also been extefutritional status of Iod_gepole pine |n_t_he B.C. interior :?md
sively planted during the past two decades and presently ado document the effectiveness of fertilization in improving

counts for approximately one half of all seedlings plantedN® growth of immature stands (Brockley 19911996).
These studies have confirmed that N deficiencies are -wide

spread throughout the region and that N additions often have

Lodgepole pine Rinus contorta Dougl. var latifolia
Engelm.) is the most widespread conifer in British Colum
bia, occurring in all but the coldest and driest of the 11-inte
rior biogeoclimatic (BEC) zones (Meidinger and Pojar
1991). In 1996-1997, its harvested volume of 19.9 & md

Received September 9, 1999. Accepted May 12, 2000. a substantial positive effect on tree and stand growth. How
R.P. Brockley. Kalamalka Forestry Centre, B.C. Ministry of ~ €Ver, f[he response of lodgepole pine following N additions
Forests, 3401 Reservoir Road, Vernon, BC V1B 2C7, is variable; some stands respond well, and others respond
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effectiveness of N additions in some instances (BrockleyMethods

1990, 199b, 1995). On some sites, growth responses have

been enhanced by combining S with N in fertilizer prescrip Study sites

tions (Mika et al. 1992; Brockley and Sheran 1994). How  The growth response and foliar data used for this analysis were
ever, methods are not presently available to reliably predictollected from a subset of lodgepole pine fertilization researeh in
which stands will respond best to N fertilization or to iden stallations established by the B.C. Ministry of Forests from which
tify stands where response can be improved by adding S ifi-year growth response data are presently available.
combination with N. The absence of a reliable prediction The 31 study sites are located in the interior of British Columbia

system is undoubtedly a major factor limiting the large-scale?€tween 49°18and 54°39N and between 115°3@nd 127°22W.
use of fertilizers in interior forest operations. Twenty of the stands regenerated naturally following wildfire; the

remainder were more-or-less equally divided between naturally re

. ' Sgenerated, harvest-origin stands, and plantations. The harvest and
(e.g., 9/100 needles) produced during the first year after fers|anting of lodgepole pine in the interior of British Columbia did
tilization and subsequent stemwood response has beer doGibt become widespread until the early 1970s. Therefore, until re
mented for several species (Camiré and Bernier 198lgently, few stands of these origins were old enough to be censid
Timmer and Stone 1978; Timmer and Morrow 1984; Valen ered for fertilizer operations.

tine and Allen 1990). In British Columbia, the “screening” All of the naturally regenerated harvest- and fire-origin stands
method has been widely accepted as a fairly reliable prediovere p_r_e-commercially thinn_ed prior to fertilization to provide-op

tor Of Whether or not a S|gn|f|cant Stemwood response Wi||pqrtun|tles f.Or Crown_expan_SIOI‘L SO_me of the .Stands had been oper
occur following N fertilization of lodgepole pine (Weetman atlonally_ thinned prior to |nstall.at|on e_stabllshme_nt, and others
and Fournier 1982; Weetman et al. 1988). Fertilizer screen/6'€ thinned at the time of installation establishment. Post-
ing trials are frequently established in candidate stands-to dthlnnlng densities cover the range typically used operationally

o . L . Lo hroughout the region.
agnose specific nutrient deficiencies and to finalize stan Twenty-seven of the installations are located within the Sub-

selections for large-scale fertilizer operations. However, it iSygreal Spruce (SBS) or Montane Spruce (MS) BEC zones
still unclear whether or not the technique can be reliablymeidinger and Pojar 1991). This distribution reflects the abun
used to predict the magnitude of stemwood response, to rardance of immature lodgepole pine and pre-commercial thinning ac-
stands on the basis of fertilization response potential, or taivity in these two zones. Two installations are located within the
identify which stands will respond better when other nutri-Interior Cedar—-Hemlock (ICH) BEC zone; the remaining sites are
ents are added in combination with N. within the Sub-boreal Pine Spruce (SBPS) and Interior Douglas-fir
In British Columbia, foliage samples are routinely col- (IDF) zones. Stand age averaged 20 years (range 13-30 years) at

lected from lodgepole pine candidate stands being consid!€_ ime of fertilization.

: it . : Soils were derived from either glacial till or glaciofluvial parent
ered for operational fertilization. Foliar nutrient analyses of .0 " 5. 0 o ehidls were predominantly of mixed

these Sam_ples are (_:qmpz_ired with P!Jb"Shed diagnostic Crlt‘?ﬁetamorphic—sedimentary lithology in the southeastern interior
ria to confirm N deficiencies and to infer whether other nu- sften slightly calcareous) and predominantly of igneous intrusive
trients are either growth limiting or likely to become growth |ithology in the south-central and central interior. Except for those
limiting following N additions. Pre-treatment foliar analysis derived from glaciofluvial material, soils in the southeastern-inte
is not presently used to predict the responsiveness afor tended to be finer textured (silt-loam to loam) than those in the
lodgepole pine to fertilization. However, empirical relation central interior (loam to sandy loam). Based on morphological cri
ships and predictive indices, using pre-fertilization measureéeria, soils in the ICH biogeoclimatic zone and in the wet cook-cen
of foliar N and S, have been successfully developed foftral sub_zom_a of the SBS were classmed as Humo_-_Ferrlc Poc_izols.
many tree species to identify sites that will respond to N ferg;he .Sol"s '”L all the'ro\ 'nSt‘"’l‘t”at'OE':S WgreEC'aS?'f'Ced as.tte'ther
tilization and (or) to predict the magnitude of the respons gﬂmssl?r\s;e;rlg%\gios (Agriculture Canada Expert Committee on
(Turner et al. 1977, 1979, 1988; Hopmans and Chappe '

1994; Sikstrom et al. 1998). Because of the large differences . .

in the amount of inorganic sulphate-S (®ften found in ~ EXPerimental design o _ _

the foliage of S-deficient and S-sufficient plants, Shas l?SfSQFl’."V”t.'” Table 1, ‘"‘k‘]c.omtb'lrl‘att.'on Ofuco.”‘.’erl‘"t?”a" f'x‘.ed'arfa'
been reported to be better than total S as an indicator cgo ertrization research instafations, mini-plot experiments,

nd “single-tree” fertilizer screening trials was used in this analy
plant S status (Freney and Spencer 1967). The fact that N, is. These installations were selected from 10 separate experimen

and SQ levels in lodgepole pine foliage are often low, and (5 projects that were established between 1981 and 1992. Because
that enhanced growth responses to combined N and S addach experiment was established for specific objectives, the experi
tions have been reported (Brockley and Sheran 1994), sugnental designs, plot layouts, and treatments are not consistent. Pre
gests that pre-treatment measures of N, S, andr8&y have liminary results and descriptions of experimental designs and
utility as predictors of fertilization response for lodgepole treatments for many of these experiments have been reported previ
pine in the interior of British Columbia. OUS'y (Brockley 1989, 1990, 1981 1995; Mika et al. 1992;
This paper compares 6-year basal area responses to N féf'0ckley and Sheran 1994). . .

tilizer, alone and in combination with S, with pre-treatment,, Nirogen was the only nutrient added in 14 of the 31 installa
measures of foliar N and S and post-fertilization (i.e ﬁrs,[_tlons. The other 17 installations received both Nl ah + S addk

. . . ) = ions. Some of the experiments included additional treatments to
year) increases in fascicle mass in 31 lodgepole pine stanqggse jisted in Table 1 that are not relevant to the objectives of the
in the interior of British Columbia,. The primary objective present analysis.
was to determine the utility of these foliar variables as-pre  Each conventional and mini-plot treatment consisted of an inner
dictors of growth response and for determining appropriatemeasurement” plot surrounded by a treated buffer. In conventional
fertilizer prescriptions. installations, each treatment was applied to three treatment plots.
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Table 1. Distribution of installations by experimental project, plot type, and treatment.

Treatment Replicate No. of trees
Experimental No. of plot size plots per measured
project No. Plot type installations Treatments* (ha) treatment  per plot
886.01-1 Fixed area 10 C,N 0.059-0.091 3 50
886.01-2 Fixed area 3 C, N N+S 0.059-0.091 3 50
886.01-3 Fixed area 2 C, N, N+S 0.070-0.091 3 50
886.13 Fixed area 1 C, N, N+S 0.164 3 64
886.12 Miniplot 1 C, N, N+S 0.031 5 15
886.04-1 Single tree 3 C, N 0.008 15 1
886.04-2 Single tree 1 C, N, N+S 0.008 15 1
886.05 Single tree 1 C, N 0.008 15 1
886.09 Single tree 7 C, N, N+S 0.008 15 1
886.10 Single tree 2 C, N, N+S 0.008 15 1

*C, control; N, nitrogen only; N+S, nitrogen + sulphur.

Table 2. Fertilizer sources and application rates for nitrogen and sulphur by experimental project and

treatment.
N only N+S
Experimenta N N rate N N rate S S rate
project No. source(s) (kg/ha) source(s)* (kg/ha) source(s) (kg/ha)
886.01-1 46:0:0 200
886.01-2 46:0:0 200 46:0:0 200 Elemental S 58
886.01-3 46:0:0 200 46:0:0 134 21:0:0 75
21:0:0 66
886.13 46:0:0 200 46:0:0 156 21:0:0 50
21:0:0 44
886.12 46:0:0 300 46:0:0 234 21:0:0 75
21:0:0 66
886.04-1 46:0:0 200
886.04-2 46:0:0 200 46:0:0 200 Elemental S 58
886.05 46:0:0 200
886.09 46:0:0 134 46:0:0 134 21:0:0 75
26:0:0 66 21:0:0 66
886.10 46:0:0 200 46:0:0 167 Elemental S 37.5
21:0:0 33 21:0:0 37.5

*46:0:0 (urea); 21:0:0 (ammonium sulphate, 24% S).
"Elemental S (finely divided S, 100% S); 21:0:0 (ammonium sulphate, 24% S).

Mini-plot treatments were replicated five times. The outer beund response to N was affected by N source. The ammonium chloride
aries of adjacent treatment plots were separated by a minimum disvas used as a substitute for the ammonium sulphateeifNtl S
tance of 5 m. In single-tree trials, fertilizer treatments were appliedreatment. Results showed the effect of N source to be insignifi
to a 5-m radius area surrounding each single-tree plot. Each treatant, which indicated that differences between M &+ S treat
ment was randomly assigned to 15 plots within each installationments were likely due to the added S rather than to differences in
and adjacent single-tree plots were separated by a minimum dis\ source (Brockley and Sheran 1994). It is assumed that this con
tance of 15 m. clusion applies to other experiments used in this analysis.

In thinned installations, all treatment plots (including controls)  Sulphur was applied as ammonium sulphate or finely divided el
were thinned in the same year and to the same post-thinning densitgmental S (S°) at application rates between 50 and 75 kg/ha. In one

experiment, the S° was added separately by hand. Otherwise, the

Fertilizer application S° was integral with a forest-grade urea prill (41:0:0:12, N:P:K:S).

Fertilizer N and S sources and application rates for the varioust'to‘rlI f(ta)rtlll_zer_s wefre apﬁlled bY hantd ItEO ti;]e lenttlre tfg?tfgeg‘. ptlot
experimental projects are shown in Table 2. In all but one experia € beginning of €ach experiment. Each piot was divided 1nto a

ment, the N application rate was 200 kg/ha. Urea (46:0:0 N:P:K)numbelr of segments to facilit:_ﬁe unifc_)_rm application,_and pre-
was t,he primary N source in all experiments, althody+ S réat measured amounts of the specified fertilizers were applied to each

ments often used a combination of urea and ammonium sulphat%egmem' Expept for one installation, fgrtilization was undertaken
(21:0:0) as sources of N. This obviously creates a confounding ef! the fall, prior to snowpack accumulation.

fect of N source when comparing growth responses obtained from

the N and N + Sreatments. In one experiment (experimental-pro Foliar analysis

ject (EP) No. 886.09), two N-only treatments, with different ratios In all conventional, fixed-area installations, foliage samples
of urea or ammonium chloride (26:0:0), were used to test whethewere collected from 10 dominant or codominant trees within each
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measurement plot immediately prior to fertilization and again afteryears. All DBH measurements were taken with a steel diameter
the first and third growing seasons. In three installations, sampletape. Breast height measurements were taken at 1.30 m above the
were also collected after 2 years. In the mini-plot experiment, fo ground, measured from the uphill side of the tree.

liage was collected from five trees per plot before fertilization and

after 1, 2, and 3 years. For each sampling year, one composnsata analysis

sample per measurement plot, consisting of equal amounts-of fo - . . .
Two measures of fertilizer response were used in this analysis:

liage from each of the sampled trees, was prepared for chemical i . S | -
analysis. The dry mass of fascicles (g/100 fascicles) that were prc‘;’rlnean first-year fascicle mass and mean individual-tree 6-year basal

duced in the first year after fertilization by each of the sampled:g?arégﬁgégfrzge;te‘ ﬁggggghf:rl:”g?ﬁ% nroetsgznuss:fuiij?v:rjlﬁ;f{ree
trees per plot was measured and recorded. - L

In t?]e sﬁngle-tree experiments, foliage was collected from thegrowth response analyses_ generally give more sensitive measures
central tree within each plot before fertilization and after the first oifgrowtrfl-resp_onse (f;t?m'al' In area-basEd anagyses, _tlhe poskltl\(/je
and third growing seasons. In four experiments, foliage was alsg ects of nutrient additions on tree growth can be easily maske

collected after the second year. For most experiments, one cemp %y the non-treatment-related plot variability (e.g., mortality, level

0 i S . .
ite sample per treatment, consisting of equal amounts of foliag%e%rtgwmg stock) that is inherent to forest research field experi

from each of the 15 single-tree plots, was prepared for chemical For individual installations. first-vear fascicle mass was -ana
analysis after each sampling year. In two experiments (EP individual 1 lons, y : W

Nos. 886.09 and 886.10), three composite samples per treatmeny2€d Py analysis of variance (ANOVA), using the general linear

each composite consisting of equal amounts of foliage from five o oq.els. procedlure (SAS Institute Inc. 1989)' Because pre-
frertlllzatlon fascicle masses were not determined, all analyses as

the single-tree plots, were prepared for chemical analysis afte . L .
each sampling year. In all single-tree experiments, the dry mass med that between-treatment dlffer_en_ces in first-year fascicle
fascicles (g/100 fascicles) that were produced in the first year afte ass were solely treatment related. Within each measurement plot,
fertilization by each of the 15 trees per treatment was measure A increments were calculated for all trees al!ve after 6 years. For
and recorded each tree, BA increment was taken as the difference between the
All samples consisted of current year's foliage taken from neaf"!ial and 6-year stem measurement. Increments were adjusted by
the base of the upper one third of the live crown. Samples wer&ovariance analysis, using initial BA as the covariate. For fascicle
frozen prior to oven-drying at 70°C for 16-24 h. Dfied, (:ompositernass and BA analyses, o single degree-of-freedom contrasts
samples were ground in an electric coffee grinder prior to shipmengeéerggd;:gaek?g’Nog'lsofeStzﬂ da\{ﬁéagﬁ]g:’?ég;ée;egrn;eeV,\elrztjosngvg_'
to a commercial laboratory for chemical analysis. The same (:om-gOnse F\)/ersus averag +,Sres onse. A probabilit th?eshold of
mercial laboratory was used for all experiments and measuremen _ . p - A prob: Y thre A
periods. p = 0.05 is used throqghout the text for |nferr|ng statistical signifi-
Dried foliage samples were digested using a variation of thecanCe- For comparative purposes, the difference between treated
sulphuric acid — hydrogen peroxide procedure described by Parki and control values for each installation was expressed relative to
son and Allen (1975). The digests were analyzed colorimetricall hchontroIh\(allie”(ctc_)ntr(:Ih: 100). foliar N. total S S
for N using the Berthelot (phenol-hypochiorite) reaction (Weather- FOF €ach installation, the mean foliar N, total S, and,S0con-

burn 1967) in a Technicon autoanalyzer II. Total S was determine entrations and N/S ratios in current-year needles were calculated
with a Leco SC-132 sulphur analyzer Inofganicﬁ@s extracted ased on all available data from unfertilized trees during the first 3

with 0.1 M HCI (1 g foliage per 20 mL of HCI boiled for 20 min) years of the experiment. The foliar data for all treatment plots were

followed by hydriodic acid (HI) reduction of the extract and-bis USed in the case of pre-fertilization foliar sampling. For post-
muth colorimetry using the procedure of Johnson and Nishitd‘ertlllz_atlon foliar sar_npllng, only the data from control plots were
(1952) used in the calculations.

To document interlaboratory variation in N, S, and Sialy To examine relationships between 6-year relative BA response
ses, the analytical results from the commercial laboratory used iédep_endent variable) and various independent variables (first-year
this study were recently compared with another commercial-labo@SCicle mass, foliar N, S, SOand N/S for unfertilized trees), ex

ratory. Both laboratories are used extensively by forestry clients "ploorlatory .C”(;"e ﬁttciing with !int)elar and curv(ijlineali models using onel
British Columbia for the nutrient analysis of conifer foliage. After and two independent variables was undertaken using SigmaPlot

oven-drying and grinding, homogeneous subsamples of 81 individ(SPSS Inc. 1997). In the absence of compelling evidence indicating
ual lodgepole pine foliage samples collected from fertilizer experi @ Of these relationships were curvilinear, the stepwise regression
ments not reported on in the present study were submitted to botffocedure in the SAS statistical package was used to select the

laboratories. The two laboratories used different methods of extrac €St linear model (SAS Institute Inc. 1989). A significance level
tion and (or) determination for N, S, and $0n the second labo of 0.15 used for the entry and retention of independent variables.

ratory, foliage was digested using the Kjeldahl method (Bremner

and Mulvaney 1982) followed by colorimetric determination of N

in a Technicon autoanalyzer Il. Wet combustion with nitric and Results

perchloric acids, followed by determination with an inductively

coupled plasma spectrophotometer (ICP), was used for total $ascicle mass response to N @nN + S fertilization

analysis in the second laboratory. Both laboratories used 0.1 M Eascicle mass response to fertilization with N alone was

HC for extraction of SQ. However, the second laboratory did not gayistically significant | < 0.05) in 23 (74%) of the 31 in

?;?n?ﬁggi%%%ﬂ% :mg:f extract was shaken for 20 min prior to destal_lr_altions (Table 3). Overall, fascicle mass response to N
fertilization averaged 26% (range —4 to 110%).

Measurements Seventeen installations were fertilized with both N and

In conventional and miniplot fixed-area installations, diameter atN M S._When average_d, a combined applicatiémor S re
breast height (DBH) measurements were made on all trees withigulted in a larger fascicle mass response than N alone (43 vs.
each measurement plot at the time of establishment and after s&0%, respectively). Eleven (65%) of 17 installations re
growing seasons. In single-tree installations, the central tree withisponded significantly to N alone; 94% (16 of 17) responded
each plot was measured for DBH at establishment and after sisignificantly to combind N + Sfertilization.

© 2000 NRC Canada



Brockley 1393

Table 3. Mean relative first-year fascicle mass responses and 6-year basal area responsesi td M Sriertilization with mean un
fertilized foliar nutrient concentrations by experimental project and installation.

Fascicle mass response Basal area response

(control = 100) (control = 100) Unfertilized foliar

Experimente N vs. N vs. N S SO, N/S
project No. Installation N N+S N+S N N+S N+S (g/kg) (g/kg) (mg/kg) ratio
886.01-1 1 155* 131* 10.9 1.00 101 11.0
886.01-1 2 141* 142* 11.2 1.02 105 11.0
886.01-1 3 158* 145* 9.7 0.95 126 10.3
886.01-1 4 210* 176* 9.6 0.93 170 10.4
886.01-1 5 151* 134* 10.6 0.97 117 11.0
886.01-1 6 139* 170* 9.3 0.84 77 11.1
886.01-1 7 118* 132* 10.0 0.90 74 11.2
886.01-1 8 123* 114 9.9 0.86 47 11.5
886.01-1 9 132* 124 9.8 0.88 51 11.2
886.01-1 11 112 135* 10.3 0.93 76 11.1
886.04-1 1 108 108 11.2 0.98 11 11.4
886.04-1 2 140* 134* 10.1 1.02 151 9.9
886.04-1 3 127* 159* 9.7 0.94 102 10.3
886.05 1 117* 133* 10.6 1.00 71 10.6
886.01-2 12 140* 152* 177* 169* 10.0 0.89 115 11.3
886.01-2 13 117* 127* 116 127* 11.2 0.92 58 12.4
886.01-2 15 118* 120* 112 131* i 12.0 0.91 40 13.3
886.01-3 17 107 169* b 123 147* 11.1 0.87 50 12.7
886.01-3 18 123* 182* *k 125* 133* 9.9 0.79 53 12.6
886.04-2 4 104 112* 111 125* 12.0 0.95 42 12.6
886.09 1 129* 140* 111 121* 12.4 0.90 72 13.9
886.09 2 118 143* ok 116* 112* 12.0 0.85 71 14.4
886.09 3 120* 144* * 118 139* ** 11.2 0.78 53 14.4
886.09 4 113 138* ok 133 167* bl 12.0 0.86 55 14.0
886.09 5 96 166* ok 113 140* * 12.6 0.91 45 13.9
886.09 6 117 119 109 109 12.2 0.97 59 12.6
886.09 7 124* 133* 150* 145* 9.8 0.84 100 11.8
886.10 1 136* 137* 115 113 11.9 0.96 57 12.3
886.10 2 124* 157* * 130* 127* 11.5 0.89 49 12.9
886.12 1 120* 151* * 105 119* 11.3 0.84 42 13.4
886.13 1 154* 163* 117* 125* 11.3 0.91 54 125

Note: For N and N + Streatments, values marked with an asterisk are significantly different from coptrol0(05). For N vs N + S, two asterisks
show responseotN + S issignificantly different than N alonep(< 0.05).

Eight (47%) of the 17 installations showed significantly year BA response than N alone (28 vs. 19%, respectively).
larger fascicle mass response W + S than to N alone Six (35%) of the 17 installations responded significantly to
(Table 3). For these stands, average responses to N and NN+ alone; 88% (15 of 17) responded significantly to com

S were 15 and 56%, respectively. binedN + S fertilization. A BA response of more than 30%
was obtained in one half of the installations fertilized with
Basal area response to N ah N + S fertilization N + S. A similar response was achieved by less than one

Basal area response following fertilization with N alone fifth of the stands fertilized with N alone.
was statistically significantp(< 0.05) in 17 (55%) of the 31 In the six installations that responded significantly to N
installations (Table 3). Response to N fertilizer varied con alone, average BA responses to NdaN + S were 33 and
siderably between installations as shown by the frequenc$2%, respectively. In the 11 installations that did not re
distribution of relative BA response (Fig. 1). Overall, 6-year spond significantly to N alone, average 6-year BA responses
BA response to N fertilization averaged 26% (range 5-77%)to N and N + Swere 13 and 26%, respectively.
Almost one quarter of the installations produced BA re  Four (22%) of the 17 stands showed significantly larger 6-
sponses in excess of 40%. However, BA response in eight ofear growth responses N + Sthan to N alone. In five other
the installations was less than 15%, indicating marginal benstands, the response N + S wasstatistically significant,
efit from the application of N fertilizer for those installa whereas response to N alone was not. For those nine stands
tions. showing some positive effect of added S, average responses
In the 17 installations fertilized with both N drlN + S, to N and N + S were 14 and 32%, respectively. Two stands
the combind N + Sapplication resulted in a larger mean 6- did not respond to either Nrd\N + S fertilization.
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Fig. 1. Distribution of relative 6-year basal area response (% in Fig. 2. Relationship between relative 6-year basal area response
crease above control) to fertilization with N alone. and first-year fascicle mass response to fertilization with N alone
(n = 31). The regression line is fit from the following equation:

10 .
BA response (control = 100) = 61.0 + 0.53 x fascicle mass-con
0 trol = 100), R? = 0.34, SE = 16.4.
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Fifteen (88%) of the 17 installations with a significant-rel
ative BA response to N alone also had a significant increaseesponse in these 15 installations was 42%. However, only
in first-year relative fascicle mass (Table 3). Basal area reone (14%) of the seven installations witth2 g/kg of foliar N
sponse was significant in only two (25%) of the eight instal-responded significantly to N additions. In these installations,
lations in which fascicle mass response was not significantBA responses averaged 13%.
Conversely, eight (35%) of the 23 installations with a signifi- ~ All eight installations in which pre-fertilization foliar N/S
cant fascicle mass response did not show a significant BAatio was<11 showed a significant BA response to fertiliza-
response. tion with N alone (Table 4). The average BA response in
All eight installations in which first-year fascicle mass re- these installations was 42%. Conversely, only one (14%) of
sponse to N fertilization wazs40% showed a significant BA seven installations in which pre-fertilization N/S ratio was
response. The average relative BA response for these instat13 showed a significant BA response following N fertiliza-
lations was 42%. For installations in which first-year fascicletion. The average response for these 15 installations was
mass response wa0%, only four (29%) of 14 showed a 14%. Installations in the top response quartile (i.e., the eight
significant BA response. For these 14 installations, the meamost responsive installations) had an average pre-fertilization
BA response to N alone was only 16%. N/S ratio of 10.9. Foliar N/S ratios in the bottom response
As shown in Fig. 2, first-year changes in relative fasciclequartile averaged 12.8.
mass following fertilization with N alone were significantly  All nine installations with=80 mg/kg of SQ in unfertil-
and positively related to 6-year relative BA response. How ized foliage showed a significant BA response to fertilization
ever, fascicle mass explained only 34% of the variation inwith N alone (Table 4). The average BA response in these
BA response. installations was 47%. However, only three of 16 (19%) in
For the 17 installations fertilized with both N alone and stallations with<60 mg/kg of SQ showed a significant BA
N + S, relative first-year fascicle mass differences betweemesponse. The average response for these 16 installations
fertilization with N alone ad N + Swere plotted against rel was only 15%. Installations in the top response quartile had
ative differential BA responses. Although the relationshipan average Sfconcentration of 109 mg/kg. Foliar Q@ev-
was weakly positivel{ = 0.09), differential fascicle mass-re els in the bottom response quartile averaged only 45 mg/kg.
sponses accounted for only 18% of the observed variance in The prediction of significant BA response to fertilization
the differential BA response for the 17 installations. On thewith N alone was especially good when foliar N and ,SO
basis of statistical significance  0.05), however, fascicle levels were used in combination. All 12 installations with
mass correctly predicted whether or not added S would havell g/kg foliar N and >60 mg/kg foliar Sshowed a signif
a positive impact on BA increment in 11 (65%) of the 17 in icant 6-year BA response to fertilization with N alone. The
stallations (Table 3). In three installations, the positive effect6-year relative BA response in these 12 installations -aver
of added S on BA increment was not predicted based on fasaged 46%. Conversely, none of the five installations with
cicle mass responses to NchN + Streatments. Also, three =12 g/kg foliar N and<60 mg/kg foliar SQ responded sig
installations that showed a significant fascicle mass responggficantly to fertilization with N alone. The average BA-re
to S fertilization did not show a significant BA response. sponse in these installations was only 13%.
From scatter diagrams, relationships between 6-year rela
Foliar measures of N and S as predictors of BA tive BA response following N fertilization and foliar levels
response of N, S, and SQand N/S ratio in unfertilized trees were-ex
Basal area response to fertilization with N alone was sigamined using regression analyses. As illustrated in Fig. 3, an
nificant in 13 (87%) of 15 installations witkl1l g/kg of N overall trend of declining BA response was observed with
in the foliage of unfertilized trees (Table 4). The average BAincreasing N concentration in the foliage of unfertilized trees
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Table 4. Number of installations showing significarp € 0.05) first-year fascicle mass responses and 6-year basal area responses fol
lowing fertilization with N alone by unfertilized foliar N, SQand N/S classes.

Foliar N (g/kg) Foliar SQ (mg/kg) Foliar N/S ratio

<11 >11to<12 =212 <60 >60to<80 =80 <11 >11to <13 =13
No. of installations 15 9 7 16 6 9 8 16 7
No. showing significant fascicle mass response 14 7 2 10 4 9 8 11 4
No. showing significant BA response 13 3 1 3 4 9 8 8 1
Mean BA response above control (%) 42 19 13 15 28 47 42 24 14

Fig. 3. Relationship between relative 6-year basal area responseFig. 4. Relationship between relative 6-year basal area response

to fertilization with N alone and the concentration of N in-fo to fertilization with N alone and the concentration of S8 in
liage of unfertilized treesn(= 31). The regression line is fit foliage of unfertilized treesn(= 31). The regression line is fit
from the following equation: BA response (control = 100) = from the following equation: BA response (control = 100) =
285.8 — 14.8 x N (g/kg), R? = 0.49, SE = 14.4. 98.9 + 0.41 x SQ(mg/kg), R? = 0.55, SE = 13.6.
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(r = -0.70). Conversely, there was clearly a positive relatesponses to combined applicatioffid\No+ S. In fact, almost
tionship ¢ = 0.74) between relative BA response and foliarone half of installations witte12 g/kg foliar N showed sig-
SO, (Fig. 4). Individually, each of these foliar variables-ex nificantly greater responses to combined applications of N +
plained approximately one half of the observed variance irS than to N alone. Conversely, all installations with
relative BA response between installations. A negative-relasll g/kg foliar N responded significantly to N alone with
tionship was also observed between relative BA responstkitle additional benefit from added S.
and pre-fertilization N/S ratio in foliager (= —0.59). How The magnitude of the relative difference in BA response
ever, there was no observed relationship between relativeetween N alone ahN + S wasquite strongly related to the
BA response following N fertilization and foliar total $ € level of SQ, in the foliage of unfertilized trees (= —0.61).
0.02). Installations with=80 mg/kg of SQ in foliage responded

A multiple regression model using two independent vari significantly to fertilization with N alone, and larger -re
ables (foliar N and S¢) explained 68% of the variation in sponses were not achieved by adding S in combination with
relative 6-year BA response. Both of the independent-variN (Table 5). Whereas only one quarter of installations with
ables were highly significantp(< 0.01): <60 mg/kg SQ responded significantly to N alone, more

_ _ than four fifths of them responded significantly to combined

[1] BA response (control = 100) = 204.6 + 0.29 additions of N and S. In fact, approximately one third of in

x SO, (mg/kg) — 8.% x N (g/kg) stallations with<60 mg/kg foliar SQ showed significantly
SE. = 11.6,R? = 0.68 greater responses to combined applications of N + S than to
o ' N alone.

For the 17 installations that were fertilized with both N The magnitude of the difference in relative BA response
and N + S, thanagnitude of the relative BA response differ between N alone ahN + S waspositively related to the N/S
ence between N alone and N with S was only weakly relatedatio in unfertilized foliage ( = 0.55). Installations in which
(p = 0.14) to the level of N in the foliage of unfertilized trees pre-fertilization foliar N/S ratio was12 responded signifi
(r = 0.37). Despite this weak relationship, the level of N in cantly to fertilization with N alone, and added S did not re
unfertilized foliage was useful in identifying installations sult in greater response (Table 5). Whereas only one (14%)
that benefited from added S. As shown in Table 5, installaof seven installations in which N/S ratio wag3 responded
tions with=>12 g/kg foliar N rarely responded significantly to significantly to N alone, all seven of these installations re
fertilization with N alone but usually showed significant BA sponded significantly when N was added in combination
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Table 5. Number of installations showing significarp € 0.05) 6-year basal area responses following M Bnh+ S fertilization
by unfertilized foliar N, SQ, and N/S classes.

Foliar N (g/kg) Foliar SQ (mg/kg) Foliar N/S ratio

<11 >11to <12 =12 <60 >601to <80 >80 <12 >12to <13 =13
No. of installations 3 7 7 13 2 2 2 8 7
No. showing significant BA response to N 3 2 1 3 1 2 2 3 1
No. showing significant BA response to N+S 3 6 6 1 2 2 2 6 7
No. showing significantly larger response to 0 1 3 4 0 0 0 0 4

N+S than to N alone

Mean BA response to N alone (% above control) 50 17 15 16 13 61 61 16 14
Mean BA response to N+S (% above control) 48 25 30 26 16 55 55 22 29

Fig. 5. Relationship between N concentration in foliage samples 0, respectively. However, the relationships between the S
submitted to two different commercial laboratories< 81). The  and SQ results from the two laboratories were relatively

regression line is fit from the following equation: N (labera weak ¢ = 0.45 andr = 0.64, respectively). The S results
tory Y) = 0.07 +1.@ x N (laboratoryX), R?> = 0.92, SE = 0.57. from laboratoryX were generally considerably higher than
> 18 from laboratoryY. Conversely, laborator)X generally re

o ported much lower foliar SPlevels than laboratory.
16+

Discussion
b Results from the 31 fertilization research installations re
ported in this study confirm that N is an important growth-
limiting nutrient in interior lodgepole pine forests. The foliar
N levels are typical of those commonly reported for the spe-
cies (Weetman and Fournier 1982; Yang 1985). According to
foliar diagnostic criteria suggested by Ballard and Carter
‘ ‘ ‘ ‘ ‘ ‘ ‘ (1986), even those stands with N levels at the upper end of
8 10 12 14 16 18 the range reported in this study are slightly to moderately N
deficient. Average relative BA gains from N additions com-
pare favorably with those reported previously for lodgepole
pine in western Canada (Yang 1985, 1998; Weetman et al.
with S. In fact, over one half of installations in which N/S 1988; Preston and Mead 1994). However, the response of
ratio in unfertilized foliage was=13 showed significantly lodgepole pine to N fertilization in this study was extremely
greater responses to combined applications of N + S than teariable. Although other stand and site factors are undoubt
N alone (Table 5). edly involved, results indicate that S deficiencies, either in
The prediction of significantly larger BA responses to N + duced or aggravated by N fertilization, may have a strong
S over those achieved with N alone was especially googontrolling influence on lodgepole pine growth response fol
when pre-fertilization foliar S@levels were combined with lowing N additions. On some sites, 6-year BA responses
foliar N/S ratios. None of the lodgepole pine stands in whichwere improved by adding S in combination with N. These
pre-fertilization foliar SQ was<60 mg/kg and foliar N/$13  results are consistent with preliminary indicators of S -defi
responded significantly to fertilization with N alone £ 5).  ciencies in lodgepole pine previously reported by Brockley
However, these five stands all responded significantly to N +and Sheran (1994). A requirement for S in addition to N was
S, and in four (80%) of five cases, the respors@lt+ Swas also indicated by Yang (1985) for 30-year-old lodgepole
significantly greater than N alone. The relative BA responsepine in Alberta.
to N and N + Swere 14 and 36%, respectively, in these five Many studies have suggested that nutrient limitations and
stands. Conversely, a foliar S@evel >60 mg/kg combined fertilization response potential can be estimated with reason
with a N/S ratio<l2 (n = 2) resulted in a favourable te able accuracy from first-year increases in the needle mass of

12

10+

Foliar N (g/kg) from laboratory

o

Foliar N (g/kg) from laboratory X

sponse to N with no incremental benefit of added S. fertilized trees (Weetman and Fournier 1982; Timmer and
Morrow 1984; Valentine and Allen 1990). The positive rela
Interlaboratory comparison of foliar nutrient analyses tionship between needle mass response and subsequent

The foliar N, S, and S@Qanalyses from the commercial stemwood response in determinant species is the basis of the
laboratory used in this study (laboratoX) were compared “screening” approach to fertilizer response prediction.
with another commercial laboratory (laboratoYy to test Timmer and Morrow (1984) reported than first-year increase
whether the utility of these foliar variables as response prein fascicle mass of jack pineP{nus banksiand.amb.) was
dictors is influenced by inter-laboratory variation. As shownstrongly correlatedr(= 0.88) to 6-year BA increment in a
in Fig. 5, the N analyses for the two laboratories were inN x P x K factorial experiment. Yang (1998) also reported a
close agreement. The regression hadRarof 0.92, and the strong relationshipr(= 0.91) between first-year needle mass
slope and intercept did not depart significantly from 1.0 andand 10-year mean relative stand volume increment in a
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lodgepole pine thinning x fertilization factorial trial in Al  stands) is increased when installations with smaller fascicle
berta. In both cases, however, the treatments were applied thass responses are ignored.
a single site, and as many as one half of the treatments in Whereas first-year fascicle wight explained only one third
each trial did not include N. The non-nitrogen treatments reof the variation in 6-year relative BA response to added N,
sponded similarly to the unfertilized controls, which is notfoliar N and SQ each explained approximately one half of
surprising if, as is generally reported, N is the most growth-the variation. When combined, these two foliar variables
limiting nutrient in northern temperate and boreal forestswere particularly useful for predicting whether or not lodge
Therefore, the strong relationship between BA response angble pine stands would respond significantly to fertilization
first-year needle mass in these experiments can be largelyith N alone.
explained by the dichotomy in response between fertilized Studies with Douglas-fir Fseudotsuga menziegiMirb.)
and unfertilized treatments. In an analysis of 15 lodgepoléFranco) have reported strong negative relationships between
pine fertilizer screening trials in British Columbia, first-year stemwood responses to N fertilizer and pre-treatment levels
fascicle mass explained only 19% of the variation in 4-yearof N in foliage. Turner et al. (1988) reported that the level of
relative BA response fra N x P x Kfactorial combinations N in the foliage of unfertilized Douglas-fir accounted for
across these sites (Weetman et al. 1988). Despite this we@®1% of the variation in 4-year BA response to N fertilizer.
relationship, the authors concluded that the screeningiopmans and Chappell (1994) showed that 8-year relative
method offered a fairly reliable prediction of lodgepole pine BA response was strongly related to the level of N in the fo
fertilization response potential. On the basis of statisticaliage of unfertilized Douglas-fir at 11 sites, accounting for as
significance, first-year needle mass correctly predicted 4much as 94% of the variation among sites. In the present
year BA response (or lack of it) to N fertilization in 12 analysis, the weaker relationship between foliar N and stem
(80%) of the 15 trials. In another study, Valentine and Allenwood responserf = 0.49) may be partially attributable to N-
(1990) reported that changes in needle mass correctly prénduced S deficiencies and other non-nutritional factors,
dicted a significant 4-year DBH response to N additions inwhich may have a strong controlling influence on the re
eight of nine stands of loblolly pineP{nus taedal.). The  sponse to N fertilization on many interior sites. Interestingly,
screening technique also correctly predicted whether or nahese results are the same as those reported for Scots pine
stands would respond significantly to phosphorus fertiliza{Pinus sylvestrid..), in which foliar N accounted for 49% of
tion in seven of the nine stands. the variation in 5-year stem volume response across 28 sites
On the basis of statistical significance € 0.05), fascicle (Sikstrom et al. 1998).
mass response correctly predicted 6-year BA response (or Studies with radiata pineP{nus radiata D. Don) and
lack of it) to fertilization with N alone in approximately two Douglas-fir have used pre-fertilization foliar $@ predict
thirds of the installations in this analysis. In only two in- whether or not stands will respond to N additions (Turner et
stances did changes in needle mass fail to identify resporal. 1977, 1979). The usefulness of foliar S@ predicting
sive stands. In one of these cases, the 6-year BA responsertilization response is based on the constant ratio between
was significant but small; thus, the incorrect prediction riskstotal N and organic S in the foliage of conifers (Kelly and
little in potential growth gains. Fascicle mass was also fairlyLambert 1972). Any S in excess of that required to balance
reliable in predicting whether or not added S would have doliar N in protein formation accumulates in the foliage as
positive impact on BA increment. Fascicle mass correctlyinorganic SQ-S. Therefore, in the absence of other nutri
predicted three of the four stands in which BA responses tt¢ional or non-nutritional constraints, stands with inadequate
N + S were significantly greater than N alone. However, ap foliar N and large reserves of foliar S@indicating S suffi
proximately one third of the installations in which fertiliza ciency) will likely respond well to N fertilization. Cen
tion with N alone significantly increase in first-year needle versely, stands with low pre-fertilization $Oreserves
mass did not show a significant BA response to added N(indicating S deficiency) will likely not respond to N addi
Also, the fascicle mass differences between Nl &h+ S tions even if foliar N levels indicate N deficiency. By medi
were, on average, considerably higher than the differentiallying deficiency and sufficiency SQlevels developed for
BA responses, thereby over-estimating the long-term-posiradiata pine, Turner et al. (1979) used pre-fertilization foliar
tive effects of S additions on tree growth. In fact, significantSO, to identify Douglas-fir stands that were responsive and
BA responses to added S did not materialize in more thamnresponsive to N fertilization. The correct prediction was
one half of the installations in which S significantly-in made in 17 of 19 stands. However, in a recent fertilization
creased first-year fascicle mass over than achieved with Ntudy in British Columbia, Carter et al. (1998) reported that
alone. In an earlier study, one quarter of stands with a signifSO, was not useful in separating Douglas-fir responding and
icant fascicle mass response did not show significant 4-yeamon-responding stands.
BA responses to N fertilization (Weetman et al. 1988). Based on the results of this study, pre-fertilization foliar N
Clearly, there is some risk of not recouping fertilization in and SQ levels and N/S ratios may also have value in-pre
vestment costs when the screening technique is used-to seicting whether or not lodgepole pine will respond to added
lect candidate sites for fertilizer operations or to makeS. Lodgepole pine stands in which pre-fertilization foliar
fertilizer prescriptions based on the statistical significance 05O, was <60 mg/kg and N/S ratio wasl3 did not respond
fascicle mass response. The reliability of the method in presignificantly to N alone but always responded significantly
dicting significant BA responses to N and N + S was im  to N + S. On theother hand, a foliar SPlevel >60 mg/kg
proved when only those installations with large fasciclecombined with a N/S ratio <12 never resulted in a significant
mass responses were considered. However, the likelihood a@fcremental S response. These results, combined with the fact
committing a type Il error (i.e., failure to identify responsive that the screening method is more expensive and requires at
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least 1 year’s lead time prior to operational fertilizatior, in from extracts will vary depending on which S fractions are
dicate that foliar nutrient assessment using pre-fertilizatiormeasured. Laboratory used an inductively coupled plasma
foliar levels of N and S@and N/S ratios may have greater (ICP) spectrophotometer, which measures organic and inor
utility than first-year increases in fascicle mass for assessinganic forms of S in extracts. In contrast, the HI-reduction —
fertilization response potential and for making appropriatebismuth colorimetric method used by laboratoXyis spe
fertilization prescriptions. However, additional fertilization cific to inorganic S. This likely explains why the S@evels
response data are needed to fully assess the utility of theseported by laboratoryy were generally much higher than
foliar variables in developing reliable predictive tools.-Re those reported by laborator. In another recent inter-
sponse data are especially needed from lodgepole pinaboratory comparison, determination of Si6y ion chroma
stands with low pre-fertilization levels of foliar N (<11 g/kg) tography (also specific to inorganic S) following HCI extrac
and low to intermediate levels of SQ<80 mg/kg) and from tion gave similar results as the HI-reduction method.
stands with intermediate to high foliar N (>12 g/kg) and Additional work is needed to quantify and evaluate between-
high foliar SQ, (>80 mg/kg). laboratory differences in methodology and results for foliar
The data presented here are from a variety of fertilizatiorS and SQ analyses.
research experiments that were established over a number of The ability to reliably select responsive stands and to
years in the interior of British Columbia. As such, the readermake fertilizer prescriptions based on the predicted magni
is cautioned to consider the possibility that the results mayude of growth responses to N and S additions would remove
be confounded by differences in such things as experimentahuch of the uncertainty surrounding lodgepole pine fertil
approach (single-tree vs. area-based), stand origin (natureer operations in the interior of British Columbia. Future
vs. plantation), post-thinning density, year or season of ferand recently established lodgepole pine fertilization research
tilization, and fertilizer source among the various experi installations will be used to test and refine predictive models
ments. On the other hand, the fact that relatively strongising pre-fertilization foliar nutrient variables.
relationships were developed from such a diverse group of
experiments may lend some strength to their validity.
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