
Chapter 11 

Fertilization Response by Interior Forests:
 
When, Where, and How Much?
 

P. G. MlKA, J. A. MOORE, R. P. BROCKLEY, and R. F. POWERS 

ABSTRACT. Interest in tree nutrition and the use of fertilizers in forests of the interior West has grown over the last 20 years. 
Large-scale fertilizer trials have been established to estimate growth response for Douglas-fir, ponderosa pine, and lodgepole 
pine. Current research focuses on where and why fertilizer response is obtained and how fertilization interacts with other 
forest management activities. Nitrogen is the major growth-limiting nutrient in these forests. For Douglas-fir, gross volume 
growth responses to 224 kg N /ha may average up to 25% during the first six years following fertilization. Similar treatments 
in ponderosa pine and lodgepole pine have produced a 30% volume response in five and six years, respectively. Response has 

p;',;O;·',--I,ppn shown to vary across parent materials and soil types; it is usually less on sites with high levels of mineralizable nitrogen 
in the soil, high foliar nitrogen concentrations, or high site index. Good response to nitrogen fertilization has been linked to 

.vegetation control in very young stands and to stocking control in older stands. Nitrogen fertilization may increase mortality 
rates and the incidence of pest problems. While other nutrients usually do not produce a significant growth response when 
applied singly, response to nitrogen may be limited by natural or induced deficiencies of other nutrients. Lack of sulfur, boron, 
or copper can reduce growth response to nitrogen in lodgepole pine; low potassium levels may have a similar effect in 
Douglas-fir; and addition of other nutrients, primarily sulfur, has increased response to nitrogen in ponderosa pine. 

At the Forest Fertilization Conference in 1979, the state 
of the art for fertilization of interior forests was pre

· sented in two papers. One discussed four-year response 
· to thinningand nitrogen (N) fertilization by Douglas-fir 

(Pseudotsuga menziesii) and grand fir (Abies grandis) in 
northern Idaho (Scanlin and Loewenstein 1981); the 
other summarized the results of ponderosa pine (Pinus 
ponderosa) and lodgepole pine (P. contorta) fertilizer tri
als scattered throughout the western United States 
(Cochran et aI. 1981). Since that time, interest and re

o search efforts in fertilization have increased substan

tially. Several large multitrial fertilizer experiments
 
have been established and the geographical coverage
 

· has expanded to an area stretching from northern Cali

fornia to the interior of British Columbia, and from the
 
eastern Cascades to the west slopes of the Rockies. In
 
this chapter we intend to summarize the information
 
that these new trials have produced to date and, based
 

P.G. Mika is Data Analyst, Intermountain Forest Tree Nulrition 
Cooperative. University of Idaho, Moscow. J.A. Moore is Professor 
of Forest Resources. College of Forestry, Wildlife, and Range 
Sciences, University of Idaho. R.P. Brocldey is Research Silvicultur
ist, B.C. Ministry of Forests, Vernon. British Columbia. R.F. Powers 
is Principal Silviculturist, USDA Forest Service, Redding, 
California. 

on that information, make some recommendations re
garding fertilizer application. We will focus on three 
areas: (1) fertilizerapplication-whattoapplyand when 
to apply it; (2) fertilizer growth response-how much 
response we can get, how long it lasts, and what factors 
seem to control it; and (3) other fertilizer responses
how fertilization affects tree mortality and pest prob
lems. 

What and When to Apply 

Nitrogen is considered the nutrient most limiting 
growth in interior forest types, as in other temperate 
forests. Nitrogen levels have been found to be generally 
lowin interiorforests. Foliage samples collected from 90 
fertilizer trials in Douglas-fir scattered across eastern 
Washington, northeastern Oregon, Idaho, and western 
Montana (Figure 1) showed nitrogen concentrations of 
unfertilized trees to be quite low throughout the area 
(Mika and Moore 1990). On control plots, concentra
tions averaged only 1.13%. This level is well below 
adequate thresholds found for coastal Douglas-fir 
<Websterand Dobkowski1983;Walkerand Gessel 1991); 
thus successful increases in foliar N concentrations pro
duced by nitrogenfertilization should resultinincreased 



eight sites scattered throughout northern Idaho, east
ern Washington, and western Montana; stands were 
dominated by a variety of species: grand fir, western 
larch (Larix occiden1alis), lodgepole pine, western white 
pine (Pinus monticoIa), and ponderosa pine. Basal area 
and volume response differences between the times of 
application were not significant, although response to 
fall application tended tobe less. Asimilarstudyexam
ined eight-year growth response of four Douglas-fir 
stands in central Idaho, northeastern Orego~and east
ern Washington OFINC 1990). Both application times 
produced significant basal area and volume response, 
but neither time was better than the other. Weather 
records indicated thatfertilization was quicklyfollowed 
by rainfall at all four sites. 

Response: How Much and How Long? 

Douglas-fir 
Most of our knowledge about interior Douglas-fir 

. response to nitrogen fertilizers comesfrom a series of94 
nitrogen fertilizer trials established from 1980to 1982by 
the Intermountain Forest Tree Nutrition Cooperative 
(IFfNC). Stands comprising well-spaced, even-aged 
second-growth Douglas-fir were selected to cover a 
broad range of site and stand conditions and an area 
including central Washingto~ northeastern Washing
ton,northeasternOregon,northemIdaho,centraIIdaho, 
and western Montana. Fertilizer treatments were 224 
and 448 kg N/ha applied in the fall as urea. To date, 
analysis of growth for six years following treatment 
has beencompleted (Mikaand VanderPloeg 1991;Mika 
and Moore 1990; Moore et al. 1991). 

Volume Growth Response. Six years after treabnent, 
nitrogen fertilization has produced consistent growth 
response across all regions in the area (Figure 2). Six
year gross' volume increments (m3/ha) for both treat
ments are significantly greater than the control across 
all geographicregions;increasesoveccontrolplotgrowth 
average 11 and 14 m3/ha for the 224 and 448 kg treat
ments, respectively. However,only incentraIWashing
ton and northern Idaho did the 448kg treatment pro
ducesignificantlygreatergross volumegrowththanthe 
224kgtreabnent. A similarpattemofresponseholds for 
net volume growth. 

Duration of Response. The IFINC data (Mika and 
VanderPloeg 1991)show that gross basal area response 
has declined for each successive two-year period in all 
regions (Table 1). The 224 kg N treatment no longer 
produceda significantgrossbasal area response during 
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Figure 2. Average Dougla<rfir gross volume growth (m'/ha) by 
geographic region and nitrogen fertilizer treatment for the six years 
following fertillzalion. Numbers within the bars are the average 
fertilizer ~ for each region-treatment combination, 
expressed as a percentage of control growth for that region. 
Modified from Moore et al (l99l). 

years 5 and 6 in Montana, central Idaho, and northeast
ernWashington.The448kgNtreatmentcontinued tobe 
significantly different from the control in gross basal 
area increment across all regions. The decline in net 
basal area response to the fertilizer treatments is even 
more pronounced than for gross basal area. The only 
treatment in any region that produced a significantnet 
basal area response for years 5 and 6 was the 448 kg 
nitrogen treatment in northern Idaho. Mortality is vari
able by treabnent, region, and time period, and this 
variation contributes to the nonsignificant treatment 
effect for netbasal area. 

Both net and gross basal area increments for the 
untreated control plots were lowest in years 5 and 6 for 
all geographicregionsexceptnorthern Idaho. For Mon
tana, central Washington, and northeastern Washing
ton, there have been successive declines in control plot 
growthforeachtwo-yearperiod.Thisdeclineingrowth 
rate of the control plots is most likely associated with 
drier than normal years, particularly the last two, and 
this may explain some of the reduced response to the 
nitrogen treatments in years 5 and 6. 

A separate smdy of nitrogen fertilizer effects in 
thinned and unthinned standsofDouglas-firand grand 
fir in northern Idaho showed that thinning affected 
both the magnimdeand duration ofgrowth response to 
nitrogen fertilization (Shafii et aI. 1989). Nitrogen ap
plied to thinned stands produced both lower average 
absolute and relative response during the first four 
years following treatment as compared to fertilized 
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Table I---Douglas-fir average gross and net basal area periodic annual increment for each two-year period by geographic 
region and nitrogen fertilizer treatment. From Moore et al. (1991). 

Periodic Basal Area Increment (m%Iha/yr) 
GrossBAI NetBAI 

Region Treatment Years 1-2 Years 3-4 Years 5-6 Years 1-2 Years 3-4 Years 5-6 

Northern· Control 1.35 1.22 1.29 1.45 1.12 1.15 
Idaho 224kgN 1.77 1.49 1.35 1.72 1.22 1.17 

448 kg N 1.86 1.65 1.52 1.79 129 1.45 
Montana Control 0.83 0.67 0.64 0.76 0.57 0.55 

224kgN 0.99 0.80 0.69 0.83 0.53 0.53 
448 kg N 0.99 0.78 0.69 0.96 0.37 0.53 

Central Control 1.03 1.08 0.80 1.01 1.06 0.73 
Idaho 224kgN 1.24 1.19 0.87 "1.19 1.22 0.69 

448kgN 1.29 1.19 0.87 1.26 1.08 0.69 

Northeastern Control 0.85 0.85 0.62 0.78 0.69 0.39 
Oregon 224kgN 0.99 0.94 0.69 0.90 0.64 0.18 

448 kg N 1.08 0.96 0.71 0.92 0.69 0.34 

Central Control 1.01 0.96 0.83 0.99 0.96 0.71 
Washington 224 kg N 1.35 1.22 0.96 1.31 1.33 0.83 

448 kg N 1.52 1.35 1.06 1.47 1.33 0.83 

Northeastern Control 1.15 1.06 0.85 1.10 0.78 0.64 
WaShington 224kgN 1.35 1.19 0.92 1.31 0.94 0.67 

448 kg N 1.40 1.19 0.94 1.35 0.53 0.48 

Overall Control 1.06 099 0.87 1.03 0.87 0.73 
224kgN 1.33 1.17 0.94 1.26 0.99 0.78 
448kgN 1.40 1.22 1.01 1.33 0.92 0.78 

unthinned plots. However, duration of basal area re
sponsewasshort-lived (fouryears} inunthinnedstands, 
perhaps due to high density, which may have discour
aged. increases in crown biomass, photosynthetic sur
face area, and photosynthetic efficiency after treabnent. 
Response in thinned. stands remained significant after 
six years. 

Fertilization accelerates the rate of stand develop
rnentand thereforecontinues to influencestanddynam.
ics and subsequent development beyond any period of 
direct effects on tree growth. Nitrogen fertilization in 
unthinned. Douglas-fir and grand fir stands reduced 
average density by about 260 trees per ha over the 14
yearposttreabnentperiod (Table2). Similar increasesin 
mortality associated. with nitrogen fertilization were 
found in thinned. stands. Mortality was concentrated in 
the smaller size classes, producing an increase in the 
average tree size relative to the untreated stands. 

Table 2-Fourteen-yearresponse of mixed Douglas-firand 
grand fir stands in northern Idaho to thinning and nitrogen 
fertilUation. From Shafii et at (1989). 

NetVolwne Volwne/tree 
Treatment (m3/ha) Trees/ha (m') 

0.£11Gmlrol 165 

0.08Fertilized 166 
0.26Thinned 171 

0.29Thinned, fertilized 173 

By the end of the 14-year posttreatment period, all 
treabnents produced approximately the same average 
total stand volume. Average cubic volume per tree, 
however, shows an interesting progression: no treat
ment, 0.07; fertilized only, 0.08; thinned only, 0.26; and 
thinned and ferti~,0.29.Thinning increased average 
tree size without significant reduction in average total 
cubic volume per hectare. Fertilization produced larger 
trees inboth thinned andunthinned. stands.This results 
from two factors: larger trees in a stand showed more 
absolute response thansmallertrees, and highermortal
ity rates were observed for smaller size classes in fertil
ized stands. 

Tree Mortality Rates. Nitrogen fertilization changed. 
tree mortality rates, with higher rates associated with 
heavier nitrogen application (Figure 3). Most of the 
mortality occurred during the second and third two
year periods; for most regions, the middle period (i.e., 
years 3 and 4) had the highest mortality rate. The mor
tality rates were higher for the448 kg treatment than for 
the 224 kg, particularly in northeastern Washington. 
Northeastern Oregon has incurred. substantial treat
ment-related mortality for both nitrogen levels. 

The most common causes of mortality differed by 
region. In northern Idaho and northeastern Washing
ton, the most common causes were windthrow and 
snow breakage. Although control plots sustained sig
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Figure 3. Average Douglas-fir mortality rates (% of total volume) 
by geographic region, nitrogen fertilizer treatment, and cause of 
mortality for the six years following fertilization. Fertilizer 
treatments are 0 (0,224 (2), and 448 (4) kg N/ha. Modified from 
Mika and VanderPloeg (1991). 

nificant wind and snow damage, the amount of such 
mortalityonthefertilized plotswassubstantiallyhigher 
for the 448 kg treatment. Mortality caused by wind and 
snow was localized at several installations in both of 
these regions. Mortality caused by root rot was higher 
for both nitrogen treatments in northeastern Oregon 
and for the448 kgNtreatmentinnortheastemWashing
ton. In Montana and northeastern Oregon, there were 
mortality factors apparently unrelated to treatment, 
such as mountain pine beetle in ponderosa pine and 
spruce budworm. These (and other) external factors 
that cause mortality are the subjectofongoing research 
efforts. 

Variation in Response. Average responses by region 
and treatment are useful for making general compari
sons and conclusions, but since stands were intention
ally selected from a broad range ofconditions, it would 
beunlikely thatall installations would respond to nitro
gen fertilization. Thecumulativedistributionofrelative 
gross six-year volume growth response (expressed as a 
percentageofcontrol plot growth) to the nitrogen treat
ments (Figure4) shows that response wasquite variable 
(Moore et al. 1991). In every regio~ some stands re
sponded well to nitrogen fertilization while others 
showed negligible or even negative response. 

Understanding why sites and stands do or do not 
respond is important to devising an effective opera
tional fertilization or nutrient management program; 
thus one of the primary objectives in many fertilizer 
trials has been to explain this variation in response to 
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Figure 4. The relative cumulative frequency disbibution for 
DougJas-fir gross volume response (% increase over control 
growth) for the six years following nitrogen fertilization. Values on 
the vertical axis represent the proportion of stands responding less 
than or equal to a response value on the horizon tal axis. The 
different lines indicate the response disbibution for different 
nitrogen fertilizer rates. From Moore et al. (1991). 

nitrogen fertilization so that operational treatments can 
be targeted at those stands with a high probability of 
"substantial" response. H we could eliminate the poor
estresponding half from ourpopulation of stands to be 
fertilized, the 75th percentile of the current response 
distribution would then be our best estimate of the 
expected response to nitrogen treatments. The 75th 
percentile responses were 25% and 32% for the 224 and 
448 kg N /ha treatments, respectively (Moore et al. 
1991). 

One site factor often related ~ fertilizer response is 
site productivity, as measured by site index or per unit 
area growth rate. In coastal areas, Douglas-fir response 
increases as site index decreases (Heath and Chappell 
1989). The highly productive sites in these areas are 
likely to havesufficient nutrients already; thus addition 
of nutrients should produce little additional growth. 
However, productivity in interior forests is generally 
thought to be controlled primarily by moisture avail
ability; thus correlations of fertilizer response to pro
ductivity measures may be low for these forest types 
unless moistureavailabilityis improved through weed
ing or thinning. Powers et al. (1988) found that on the 
average, volume growth response to nitrogen fertiliza
tion was twice as great in ponderosa pine plantations 
freed of weed competition than where weeds were not 
removed. On shallow soils, shrub competition can pre
clude nitrogen uptake following fertilization, but the 
effect is not as strong on deeper soils (Powers and 
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Table 3-Growth response in adjacent, 14-year-old ponderosa pine plantations to nitrogen fertilization with and without 
shrub control. The "pool" site is a mptic-lithic-xerochreptic Haploxemlt derived from schist (site index 11 m at 50 years). The 
"betteI" site is an ultic Haploxeralf formed from basalt (site index 23 mat 50 years). Modified from Powers and Jackson (1978) 
and Powers (1983). 

r11'Sl:-year Fascicle 
Growth(mg) 

Treatment Poor Better 
Control 14Oa1 262a 

224 kg N/ha 168a 250a 
Shrub removal 251b 362b 

Shrub removal 321c 356b 

First-year Height 
Growth(cm) 

Poor Better 
12a 41a 

100 51a 
100 46a 

30b 52a 

Bve-year Height Bve-year Volume
 
Growth (an) Growth (m3/ha)
 

Poor Better Poor Better
 
60a 144a 0.4a 5.1a
 

66a 2ma 0.5a 8.Dab
 
123b 242b 1.4a lQ.8bc
 
20Se 321c 3.6b 15.7c 

+ 224 kg N Iha. ". 
lMeans in a column not sharing common letters differ at p=O.05 by Fisher's protected LSD. 

Jackson1978;Powers 1983).Table3indicates thatfertili
zation and competition control effects may be synergis
tic on poorer sites and additive on better. 

A study looking at five-year growth response to 
nitrogen fertilization across a mixture of interior forest 
types (ponderosa pine, Douglas-fir, mixed conifer, and 
true fir) in California found no simple relationship 
between response and site productivity (Miles and 
Powers 1988). Since moisture was thought to be the 
prime limiting factor for those sites, the authors looked 
at the interaction between total available soil water 
capacity and site index and were able to then explain 
much of the variation in response. Sites with lowavail 
able water capacity showed poor fertilizer response 
(mean =: -4.3%); because moisture was limiting growth, 
addition of more nutrients had no effect. Sites with 
adequate water capacity and good site index also failed 
to respond to fertilization (mean =: 8.5%). Such sites are 
so productivebecause they haveadequatelevelsofboth 
moistureand nutrients; additionalnitrogenwouldhave 
limited beneficial growth effects. However, sites with 
adequate moisture capacity but low site index values 
showed excellent growth response (mean == 48.1%); 
here, moisture was sufficient to allow utilization of the 
added nitrogen. Results for interior Douglas-fir gener
ally support these findings of low simple correlation 
between response and site index (Moore et al. 1991). 

Lack ofsufficient potassium (K) has been implicated 
as one reason some stands have failed to respond to 
nitrogen fertilization (Mika and Moore 1990). Analysis 
of Douglas-fir foliage indicated that several stands had 
potassium concentrations and K:N ratios below ad
equate levels and that potassium concentrations de
clined slightly and K:N ratios decreased greatly follow
ing nitrogen fertilization..Comparison of stands with 
good pretreabnent conditions (K concentration >0.6% 
and K:N ratios >0.65) to those with poor potassium 
levels (Kconcentration <0.6% and K:N ratios 0.50) indi

cated that growth response was significantly lower for 
those stands with poorinitial potassiumlevels (Table4). 
Gross basal area response to 224 kgN /ha was less in all 
periods for poor potassium status stands. In addition, 
while treabnent with 448 kg N produced. greater gross 
and net response in stands with good potassium levels, 
thehigherapplication ratedecreased responseinstands 
with poor potassium status. The higher nitrogen rate 
also increased mortality in the potassium-poor stands, 
producing negative net growth in the second period. A 
series of trials with N+K treatments has been estab
lished by the IFINC to test if potassium additions can 
improve response to nitrogen fertilizer. 

Some evidence exists that sulfur (S) may also be 
limiting Douglas-fir response to nitrogen fertilization 

Table4-Douglas-firperiodic basal area response to fertili 
zation (diffeIeDce from control) by nitrogen application 
rate, foliar potassium status, and time period. Modified 
from Mika and Moore (1990). 

Period 
NRate KStahJS1 Years 1-2 Years 3-4 Years 5-6 

224kg/ha	 Poor 
Good 
Other 

448kg/ha	 Poor 
Good 
Other 

224kg/ha	 Poor 
Good 
Other 

448kg/ha	 Poor 
Good 
Other 

Gross Basal Area Increment 
(m2/ha/yr) 

0.18 0.12 0.03 
032 020 0.09 
0.29 020 0.08 
0.15 O.W -0.01 
038 029 0.19 
037 027 0.15 

Net Basal Area Increment 
(m2/ha/yr) 

0.18 0.15 -0.12 
0.33 0.15 -O.W 
025 0.15 0.03 
0.12 -0.10 -0.12 
039 024 0.07 
035 0.08 0.04 

'I( stalUs was defined as follows: 
Poor = I(concentration <0.6% and K:N ratio <0.50. 
Good = K concentration >0.6% and K:N ratio >0.65. 
Other = any other combination. 



(Brockley and Swift 1990).Screening trials testingfacto
rial combinationsofnitrogenand a "completemix" (i.e., 
phosphorus, potassium, calcium, magnesium, sulfur, 
and micronutrients) fertilizers in five interior Douglas
fir stands in British Columbia found that combined 
applications of nitrogen and the "complete mix" were 
more effective in increasing needle weight than single 
applicationsofeither fertilizer. Fo~geoftreesreceiving 

only nitrogen had elevatedN:S ratios above suggested 
critical values, while foliar sulfate-S was almost com
pletely exhausted. Such trees may be unable to use any 
added nitrogen effectively. 

Ponderosa Pine 
Results from early fertilizer trials in ponderosa pine 

were summarized at theForestFertilizationConference 
in 1979 (Cochranetal. 1981). The results, mostlycoming 
from small-scale trials, indicated that volume growth 
responses up to 75% could be obtained, but that stands 
on some soils failed to respond. When obtained, re
sponse would last from four to ten years or more. 
Response was most likely in thinned, pole-sized stands 
with low foliar N concentrations. On soils strongly 
influencedbypumiceandvolcanicash,standsresponded. 
to sulfur and perhaps phOsphorus in addition to nitro
gen. Applications of 224 kg N/ha and 34 kg S/ha were 
recommended for such sites. 

Five-year growth data from 43 fertilizer trials on 
ponderosa pine in south-eentral Oregon and northern 
California were combined and analyzed for factors ca
pable of predicting response to nitrogen fertilization 
(Powers et al. 1988). Response increased fairly linearly 
with nitrogenapplication rate(0,244, and448kgN/ha). 

. Comparison to plots receiving a "full" fertilizer indi
cated that most of the response was due to nitrogen 
alone,butadditionofothernutrientsdidimprovegrowth 
response by about one-third. Most stands responded 
well, with two-thirds showing volume gains of at least 
20% over controls. Overall volume growth response 
(Table5) averaged 30% for plots receiving224 kgN/ha. 

Response varied considerably with soil type, site 
index, and stand treatments. StaJ:l4s on granitic soils 
responded the least; these were aJ&, the most produc
tive(highestsiteindex)sites.ResponSewasmuchgreater 
instandsonmetasedimentarysoils. Regressionanalysis 
showed that response increased as siteindex decreased 
and as foliar N concentration and e:N ratio in the A 
horizon increased. Foliar N concentration alone could 
explain63% ofthe total variationinresponse. Treeswith 
current-year foliar N concentrations at or below 1.1% 
were felt to be experiencing nitrogen deficiency. Man-

Table 5-Variation in five-year relative volume growth re
sponse ofponderosa pinestands fertilized with 224 kg Nibil 
as it relates to site and stand attn"butes. Modified from 
PowelS et aI. (1988). 

Relative Growth 
Response ('Yo) 

Number Site 
Attribute of Stands Index Mean Std.. Error 

Allstmds 43 67 29.5 5.6 

Plantations 25 70 17.7 8.7 
Thinned natuIal stands 18 62 32.0 5.6 

Granitic soils 5 85 4.6 5.4 
Volcanic soils 29 62 23.7 4.4 
Metasedimentary soils 9 65 61.7 19.4 

Weeded plantations 6 59 43.5 24.5 
Unweeded plantatiOns 19 73 '12.7 8.8 

Scalpedplantations 19 66 33.5 11.3 
Unscalped plantations 6 88 9.0 4.0 

agement activities in plantations were related to the 
amount of response obtained. Those plantations freed 
from brush and grass competition at the time of fertili
zation averaged almost twice the response of the 
unweeded plantations, although response was highly 
variable. In a paired comparison on six sites, weeding 
plus fertilization produced nine times the response of 
fertilizationalone.Furthermore,responsewasoverthree 
times greater in plantations where topsoil had been 
scalped into windrows during site preparation than on 
unscalped sites. Unfortunately, these differences were 
confounded with site index and soil differences; while 
halfof the unscalped plantations were on granitic soils, 
nearly all of thescalped plantations were onvolcanicor 
metasedimentaIy soils. 

Significant four-year response to nitrogen fertiliza
tion was obtained on five sites in central Washington 
and five sites in northeastern Oregon (IFINC 1990); 
however, the level of response was much less than that 
found in previous studies. Gross volume response was 
105% on plots treated with 224 kg N/ha and 11.4% on 
those treated with 448 kg N; the difference between 
treabnents wasnot significanL Moremortalityoccurred 
on the nitrogen-treated plots, particularly on the 448kg 
plots in central Washington; consequently, net volume 
response was nonsignificant. 

Lodgepole Pine 
A combination of fertilizer screening trials and con

ventional, permanentsample plotinstallationshasbeen 
used to document the fertilization response potential of 
lodgepole pine in the interior West. Much of this work 
hasbeensummarizedbyCochranetal. (1981), Weetman 
et al. (1985), Weetman (1988), and Brockley (1991a). 
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Fertilizer screening trials using various replicated 
"individual-tree" or "mini" research plot designs have 
been used to rapidly identify nutrient deficiencies and 
to provide a "quick index" of long-tenn growth re
sponse potential (WeebnanandFournier1982;Brockley 
1989b; Brockley 1990). Preliminary growth response 
infonnation, based on increases in fascicle weight and 
shifts in foliar concentration of added and nonadded 
nutrients can be obtained within one year of treatment 
In a large screening trial project, nitrogen, phosphorus, 
and potassium in various combinationswereapplied to 
17 lodgepole pine stands in the interior of British C0
lumbia. First-year results indicated considerable varia
tion in the responsiveness of lodgepole pine to fertiliza
tion (Weetman and Fournier 1982). Eight of the stands 
were moderately or very responsive to nitrogen addi
tions; the remaining nine showed a weak response or 
none. Most trials were unresponsive to phosphorus or 
potassium additions. Subsequent remeasurement of 15 
stands determined that the pattern of four-year basal 
area increment generally corresponded with first-sea
son needle weight response (Weetman et aI. 1988). Ni
trogen applied at rates of SO, 100, and 150 kg/ha in
creased four-year basal area growth of individual trees 
by an average of 27, 41, and 48% over the control, 
respectively. 

ThelargestlodgepolepinefertiIizerexperimentwith 
conventional, pennanent sample plots consists of 11 
installations established by the B.c. Ministry of Forests 
from 1981 to 1983 in the 50uthernand central interiorof 
British Columbia. Composed of pure, fire-origin lodge
pole pine, the stands were either thinned at the time of 
fertilization or had been thinned at least two years 
previously. With one exception, both installation types 
were established adjacent to each other at each study 
location 50 that the effects of fertilization timing in 
relation to thinning could be evaluated. Nitrogen was 
applied atrates of0,100,and 200kg/ha as urea. Todate, 
three- and six-year growth responses have been re
ported (Brockley 1989a, 1991b). 

Six years after treatment, nitrogen fertilization has 
had a substantial positive effect on individual-tree and 
stand volume increment Total six-year net volume 
increases over control plot growth averaged 6 (range 1 
to 14) m3/ha and 8 (range -1 to 15) m3/ha for N appli
cation rates of 100and 2OOkg/ha, respectively~In rela
tive terms, these responses averaged 23% (range 2 to 
45%) and 30% (range -5 to 51%). The effect of nitrogen 
application rate on six-year net volume increment was 
not statistically significant. 

However, the favorable effects of fertilization were 
partially negated in some installations by treatment
related damage and mortality. Snowpress (irreversible 
bending and breakage) was increased by nitrogen fer
tilization, presumably because of increased crown size 
and weight. Incidence of red squirrel feeding damage 
wasalso significantlyincreasedby fertilization. Insome 
installations, losses caused by snowpress and full or 
partial stem girdling by squirrels in fertilized plots all 
but wiped out Per hectare volume gains. 

Iristallationsdhinned at the time of fertilization were 
generally most responsive to fertilization in both rela
tiveand absolute tenns,despite the larger-sized trees in 
previously thinned installations. When thinning and 
fertilization are undertaken simultaneously, the added 
nutrients may be combined effectively with improved 
lightconditionsand room for crown expansion to accel
erate the recovery from thinning. Unfortunately, the 
advantages of fertilizing lodgepole pine at the time of 
thinning may be partially negated by increased suscep
tibility to red squirrel feeding injuries and snowpress 
damage. Results indicate thatsnowpresscanbeavoided 
by delaying fertilization for a couple ofyears following 
thinning. 

Analyses indicate thatimproved nutrition isdirectly 
responsible for the majority of the increased growth in 
these research trials. However, "indirect" effectsresult
ing from progressively greater tree size and stand vol
ume in fertilized plots will undoubtedly account for a 
steadily increasing proportion of total growth response 
in subsequent years. In a lodgepole pine fertilization 
trial in 5OUth-eentral Oregon (Cochran 1989), heavy 
application rates of nitrogen (673 kg/hal, phosphorus 
(336 kg/hal, and sulfur (101 kg/hal produced large 
responses in volume and basal area increment for the 
first eight years and continued though decreased re
sponse in years 9 through 13 (Table 6). However, after 
removing theeffectofstockingincreasesin the previous 
period (the "indirect" effect) by expressinggrowth as a 
percentage of the stocking at the beginning of each 
period, Cochran showed that "direct" fertilizer effects 
declined in the second period (years 5 through 8) and 
were gone by the third period. 

Lodgepole pine fertilization response is quite vari
able: some stands respond extremely well and others 
respond poorly. Reliable predictors of response are 
needed so that forest managers can (1) identify which 
standshave thegreatestgrowth responsepotential, and 
(2) isolate site and stand variables that are largely re
sponsible for fertilization growth response or lack of it. 
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Table 6-Lodgepole pine volume and basal area periodic 
annual growth for three periods fonowing nitrogen, phos
phoros, and sulfur fertilization. From Cochran (1989). 

Volume Growth Basal Area Growth 
Years Fertilized Control Fertilized Control 

-m3/ha/yr -m2fha/yr-
1-4 4.ffi 2.40 0.62 0.34 

5-8 5.65 3.60 0.14 0.46 
9-13 4.57 4.23 0.55 0.48 

_Percent' _ -Percent' 

1-4 11.6 55 9.9 4.1 

5-8 10.9 7.1 8.3 5.3 
9-13 6.2 6.3 4.1 4.4 

'Expressed as a percentage of the stoeldng at the beginning of that 
period. 

Various measures of foliar N nutritionand soil mineral
izable N have been poor predictors of lodgepole pine 
fertilization response potential (Brockley 1989a, 1991b), 
despite the fact that nitrogen is undoubtedly the ele
ment that most limits tree growth in the interior West 
However, the good predictive capability of various 
measures of foliar sulfur nutrition (Brockley 1991b) in
dicates that sulfur may have a strong controlling influ
ence on lodgepole pine growth response following ni
trogenfertilization. Foliar analysisdala indicatethat the 
sulfurstatusofmanyslands ismarginalbeforefertiliza
tion, and that nitrogen additions result in further dete
rioration of sulfur nutrition. Foliar N:S ratios often 
increase dramatically and sulfate-S reserves are often 
depleted toextremelylow level~indication that the 
added nitrogen may not be fully utilized in protein 
synthesis- Ofcourse, sulfurdeficienciescannotbedocu
mented unless stands that are supposedly sulfur defi
cient can be shown to respond to sulfur fertilization. 
Yang (1985) reported that a combined application of 
nitrogen and sulfur was significantly better than nitro
gen alone in improving the growth of 30-year-old 
lodgepole pine in Alberta. In a large lodgepole pine 
permanentsampleplot trial near Prince George, British 
Columbia, trees within plotsreceivingureasulfur (41-0
0-12) responded significantly better than those in plots 
receiving urea alone (Figure5). HigliN:S ratios and low 
sulfate-S levels were measured. in Qle foliage of trees 

receiving only nitrogen (Figure 6). The uptake ofsulfur 
from the applied urea sulfur was apparently adequate 
to maintain favorable sulfur nutrition. In another trial, 
nitrogen was generally ineffective in increasing the 
weight of lodgepole pine fascicles produced in the first 
year after fertilization. However, combined nitrogen 
and sulfur applications, especially when applied in the 
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form of sulfate, often resulted in relatively large re
sponse (Brockley, poster abstract, this volume). 

Althoughapparentlynotas widespread asnitrogen
induced sulfurdeficiencies, inadequateboron nutrition 
may also have an adverse effect on lodgepole pine 
health and vigor in the interior of British Columbia. In 
localized areas, boron deficiency symptoms have oc
curredfollowingnitrogen fertilization (Brockley 1989a). 
Morphologically, the most prominent symptoms are 
top dieback andmultileadered.,bushycrowns. Ona site 
near Bums Lake, British Columbia, combined nitrogen 
and boron application significantly improved branch 
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Figure 6. The effect of nitrogen and nitrogen plus suHur fertiliza
tion on fiIst-year foll3r N:S ratio and foliar sulfate-S concentration 
of lodgepole pine near Prin<:e George, British Columbia. Bars 
topped by different letters are significantly different (p<O.05). 
From Brockley (l991b). 
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elongation and three-year mean stem volume response 
over those obtained with nitrogen alone (Brockley 1990; 
Carter and Brockley 1990). Relatively small boron addi
tions (i.e., 1.5 and 3.0 kg/ha) elevated foliar boron 
concentrations substantially and have maintained 
them for six years. 

Localized deficiencies 'of other nutrients may also 
exist in lodgepole pine stands in the interior West For 
example, foliar spray applications of copper sulfate to 
lodgepole pine alleviated copper deficiencies and pro
duced significantincreases in foliage biomassand shoot 
growth in the second year following treatment (Majid 
and Ballard 1990). 

Other Species ofInterior Forests 
In the Intermountain region, fertilizer research on 

other species has been sporadic and limited in ge0

graphic coverage. Most species have been found ca
pable of responding to nitrogen fertilization, but re
sponse is quite variable. For example, western white 
pine in northern Idaho responded substantially in two 
studies (Loewensteinand Pitkin 1963;Rykerand Pfister 
1967), but failed to respond in a third study (Graham 
and Tonn 1985). 

Analysis of growth data from eight western larch 
stands (three in northeastern Washington and five in 
northern Idaho) showed. significantsix-yeargrossbasal 
area (28.3%), gross volume (24.7%), and height (11.1%) 
response to 224 kg N"/ha as urea (IFlNC 1988). No 
significant additional response was obtained with a 448 
kg/ha application rate. Separate analysis of the three 
northeastern Washington stands showed that signifi
cant basal area response (21.6%) was still taking place 
eight years after treatment 

A number of studies in northern Idaho have shown 
that grand fir can respond well to nitrogen fertilizer. 
Fertilization with 168 kg N/ha at one site produced a 
tremendousgain (91 %)inheightgrowth two years after 
treatment (Loewenstein and Pitkin 1963). Treatment 
with 224 kg N/ha produced a 30% diameter growth 
response after five years at another site (Graham and 
TORn 1985), but 448 kg N/ha had no further effect 
Response during a second five-year period was not 
significant. A larger study of 36 grand fir and Douglas
fir stands found a 24% basal area response and 23% 
volume response in four years following fertilization 
with 224 kg N/ha (Scanlin and Loewenstein 1981). 
Grand fir basal area responsewas similarto Douglas-fir 
response, but grand fir height growth was stimulated 

much more. A later study using this data, combined 
with other information, found no difference between 
grand fir and Douglas-fir response to fertilization (Sha
met aI. 1990). 

Powers (this volume) concludes that many high 
elevation fir stands are nitrogen limited. Studying true 
fir response at 15 sites in northern California, he found. 
that 224kgNlhaincreased five-year volumegrowth by 
an average of 35%. Stands of saplings and poles re
sponded better that young sawtimber, and increased 
their growth rate by as much as 6.5 m3/ha per year 
comparable to rates reported for similar size classes of 
coastal DougIas-fir<Milleretal. 1986). Absolute volume 
growth in true fir sometimes decIined. following thin
ning, but growth could be recaptured when thinning 
wascombined with fertilization. Regardless ofstocking 
control, growth generally declined at higher fertiliza
tion rates. Indications from California are that many 
true fir stands also have phosphorus deficieilcies that 
block theirresponse to fertilization withnitrogen. Fertil
izing some stands with both nitrogen and phosphorus 
improved growth more than with nitrogen alone, and 
responses lasted for at least ten years. Heninger (1982) 
found that nitrogen alone increased five-year PAl of 
pole-sized white fir (Abies concolor) on drier Cascade 
sites by as much as 2 m3/ha per year, and that nitrogen 
combined. with phosphorus, sulfur, and potassium in
creased gt"Owth by 2.1 to 4.2 m3/ha per year. 

AnalySis of first-year needle weightand foIiarnutri
ent concentration data from 12 white spruce (Picetl 

glauca) fertilizer screening trials in the interiorof British 
Columbia indicated that growth response may be poor 
unless other nutrients are added in conjunction with 
nitrogen (Brockley and Swift 1990). When applied sin
gly, nitrogen and a "complete mix" (j.e., phosphorus, 
potassium, calcium, magnasium, sulfur, and micronu
trients) fertilizer had little effecton the weightofspruce 
needles produced during the first year after treatment. 
Combined applications, however, resulted in relatively 
large increases in needle weight. The extremely high 
foliar N:S ratios and low sulfate-S reserves measured 
following fertiIization with nitrogenalone indicate that 
fertilized trees may have been unable to use the added 
nitrogen effectively. Foliar nutrient concentration data 
also showed some indication of nitrogen-induced p0

tassium deficiency. Subsequent measurements of these 
trials will indicatewhethertheseearlyresults also apply 
to stemwood response. 
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Fertilization and Pest Problems 

Nitrogen fertilization may provide a usefW siIvicul
turaltoolinmanagingstandsinfeStedbywestemsproce 
budwonn (Choristoneura ocddentalis). A field study at 
KingMountainin theMalheurNational Forest, Oregon, 
showed that fertilization ofgrand fir with 350kg N/ba 
significantly increased the total biomass and individual 
weight of budworm larvae and pupae for at least four 
years after treabnent (Wickman et al" poster abstract, 
this volume). Despite these increases in defoliator bio
mass, the net effect was decreased defoliation on the 
fertilized trees; apparently these trees produced more 
new foliage than the increased budworm population 
c<?uld consume. Fertilized trees also showed signifi
cantly greater height and radial growth. This suggests 
thatnitrogenfertilizationmightoffsetthedamagecaused 
by budwonn defoliation until the insect outbreak col
lapses. 

Similar sorts of fertilizer effects have been hypoth
esized for other coniferous pests,. Faster growth result
ing from fertilization would allow trees to overcome 
infections by and losses from white pine blister rust, 
needle casts, and atropellis canker (Navratil and Bella 
1988). By increasing tree vigor, fertilizers applied in 
conjunction with thinning would likely reduce the sus
ceptibility of pine stands to mountain pine beetle 
(Dendroctonus ponderosae) attack (Cole and McGregor 
1988). 

Other pest problems might be increased by nitrogen 
fertilization. Increased shootgrowthcould contribute to 
higher infection rates of western gall rust by increasing 
the area of tender shoot tissues susceptible to infection 
(Navratil and Bella 1988). Nitrogen fertilizer applica
tions leading to nutrient imbalances might increase 
lodgepole pine susceptibility to western pine shoot 
borer(Eucosma sonomana) infestations(BellaandStoszek 
1988). 

Nitrogen fertilization of lodgepole pine has been 
shown to increase the amount of injury to bark caused 
by small mammals, presumablydue to improved palat
ability and nutritive quality of the tree tissue following 

.i' 

fertilization (Brockley and Sullivan 1988). A study in 
north-central British Columbia involving untreated, 
thinned, and fertilized and thinned juvenile lodgepole 
pine showed that snowshoe hare (Lepus americanus) re- . 
moved nearly three times the area of bark and vascular 
tissue from the fertilized trees as they did from either 
controls or thinned-only trees. Ten percent of the fertil
ized trees were girdled compared with 6.4% of the 
thinned-onlyand 3.9% ofthe control trees (Sullivanand 

Sullivan 1982). However, damage was less severe in 
larger (>60 rom dbh) trees, so fertilization of bigger 
trees may not lead to problems (Sullivan 1985). 

Bark damage by red squirrel (TamiasciuTU5 hudson
icus) is considered a greater potential problem, because 
.theyattack largerdiameter trees, keeping stands at risk 
for IongerintervaIs (Brockleyand Sullivan 1988). In the 
study mentioned above, squirrels· damaged 38.9% 
and girdled 6.9% of the fertilized trees. None of the 
unfertilized trees were girdled by squirrels, although 
theydid damage30.9% ofthe thinned-onlyand 14.3%of 
the control trees (Sullivan and Sullivan 1982). Other 
studies in thinned lodgepole stands produced similar 
results. Frequency of attack and damage IDtensity were 
higher in fertilized plots and tended to increase as the 
fertilizer application rate increased from 100 kg/ha to 
200 kg/ba of nitrogen. In stands where the risk of 
squirrel damage is high, the potential impact may war
rant delaying fertilization until trees reach a size where 
the risk of Significant damage is reduced (Brockley and 
Sullivan 1988). 

Practical Implications from
 
Fertilization Research
 

1. Nitrogen is the only nutrient generally limiting 
. growth in interior forest types. Significant growth re

sponsecanbeexpected from application of200kgN/ha 
ifother factors (moisture, other nutrients) are favorable 
for increased growth. Fertilization is best confined to 
sites likely to respond: sites with low foliar N levels or 
low soil mineralizable N, sites with low productivity in 
climatic zones that are highly productive. 

2. Urea fertilization has generally produced good 
results. No differences have been demonstrated be
tween early spring and late fall applications. Ammo
nium nitrate has not been found to yield greater re
sponse and may induce sulfur nutrition problems. 

3. Other nutrients have been shown to occasionally 
limit growth or response to nitrogen fertilization: these 
would include sulfur in ponderosa and lodgepole pine, 
boron in lodgepole pine, potassium in Douglas~fir,and 
phosphorus in true firs. 

4. For trees to respond well to nitrogen fertilization, 
they need to be able to build more crown. Thus younger 
stands orwell-spaced stands respond better, at least 
until crown closure occurs. 

5. Nitrogen fertilization tends to accelerate mortal
ity processes. Over a short span Oess than five years), 
death of a few trees can wipe out any average growth 
gains if mortality caIU\ot be captured. Higher rates of 
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snow breakage and windthrow can be expected. Pest
related damage and nutrient imbalances may produce 
increased mortality. Over a longer period (15 years), 
nitrogen fertilization tends to produce larger individual 
trees than in untreated stands but similar total net 
volumes. 

Where Do We Go From Here? 

Obviously,gaping holes still exist in our knowledge 
of fertilization response in interior forest types. Fertili
zation research continues to actively fill these holes. 
Current research interests cover a range of levels of 
resolution: from broad-scale conventional trials for test
ing hypotheses about regional fertilizer response to 
small experiments looking at local problems, and from 
tests exploring the economic feasibility of combined 
pruningandfertilization treatmenttoexperimentsaimed 
at increasing fundamental knowledge by pushing con
ditions to extremes. Goals for research already under 
way or planned for the immediate future include: 

1. Expanding conventional trials to estimate re
sponse for other species and test the influence of other 
inferred nutrient deficiencies. 

2. Collecting more detailed process-oriented mea
surements of fertilization experiments so that we can 
better understand why response may not occur and 
develop more reliable response prediction tools. 

3. Achievinga more fundamental understandingof 
how tree nutrition influences tree growth processes 
through optimal nutrition studies and complete re
moval of limiting factors (i.e., competition from other 
vegetation, impacts of insects and diseases). 

4. Understanding fertilization effects on tree vigor, 
susceptibility and resistance to pathogens and para
sites, and mortality. 

Anexampleofa new studycombiningmanyofthese 
goals is the Garden of Eden plantation study (Koerber 
and Powers 1986). Applied aims of the study are to 

determine the biological potential for ponderosa pine 
growth when soil fertility, plantcompetition,and insect 
pest factors are completely controlled from the time of 
planting. More fundamental aims are to examine how 
combinations of these factors affect water and carbon 
use, pest resistance, pesticide decay, plant succession, 
organic matter decomposition and metal chelation, ni
trogen mineralization, mycorrhizal development, and 
behavior of soil invertebrates. Research on all of these 
topics is in progress on a variety of sites. 

The GardenDf,Eden study involves a standard ex
perimental design that combines "all or nothing" levels 
of nutrient, competition, and insect control. This design 
has been applied to eight field sites onforest industry 
lands spanning the full range ofsite quality in northern 
California. Twenty-four 0.04 ha plots have been planted 
with superiorperformingpinefamilies ateach field site, 
producing three replicates of the eight factorial combi
nations of treatments. Nutrient treatment consists of 
"ramp" applications (rates that increase over time) of 
macronutrients and micronutrlents at two-year inter
vals to half of the plots (Table 7). Ramp treatments are 
meantto match nutrient supplywith biological demand 
as trees get progressively larger (ideally, trees would 
never experience nutrient stress from supplies that are' 
too low or too high). On half of the plots, vegetative 
competition is controlled with ground application of 
appropriate herbicides (principally hexazinone and 
triclopyr),and insectcontrol is provided through direct 
spraying of trees with insecticides (principally di
methoate and carbaryl) as often as needed each year. 

Results through the fifth growing season indicate 
that vegetation control is the most important single 
factor in early' stand performance. Where competing 
vegetation is controlled, tree survival and growth are 
doubled or tripled. Insect damage has been light, re
gardless of treatment, although pine reproduction wee
vil (Cylindrowpturus eatont) activity may be increasing 
where competing vegetation density is high. Fertiliza-

TabIe 7-Fertilizationrates fornutrients applied intheGarden ofEden ponderosapineplantation studyin California (Koerber 
and Powers 1986). Rates are based on uptake projections for the next two-yeargrowth period with allowances for leachingand 
soil fixation, and are meant to maintain optimal nutrient concentrations in tree foliage through the sixth growing season. 
Years Elements Applied at Each Two-year Interval (kg/ha) 
from 
Planting N p K Ca Mg 5 Cu Zn B 

o 15.5 7.9 7.7 10.1 5.2 4.5 0.5 0.5 0.5 

2 43.9 22.5 23.0 24.7 15.0 3.5 1.2 3.0 1.5 

4 202.0 103.4 106.0 113.7 69.0' 16.0 5.4 14.0 6.9 

Total 261.3 133.8 136.7 148.5 89.1 24.0 7.0 14.5 8.9 
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Questions and Answers 

How many repeut applications ofnitTogen are reason
able (realistic) in untllinned Douglas-fir before mortal
ity gets you? Because of the high cost of thinning, will 

. fertilizing low site index areas twice with 448 kg Nlha 
at age 25 and age 50 to 65 achieve the same results? 

Both of the questions deal with the interaction of 
stand density and nitrogen fertilization. Assuming 
competition-eaused mortality is foremost, nitrogen fer
tilization seems to accelerate stand development dy
namics forward in time; stand response depends on the 
stand density at the time of fertilization. If a stand is 
dense enough already to be following a self-thinning 
trajectory, then nitrogen fertilization will accelerate the 
self-thinning process. Less dense stands will develop 
more quickly after fertilization toward a self-thinning 
condition. Sitequaiityand initial densitywill determine 
how quickly a particularstand reaches the self-thinning 
zone. 

Theideaofusingnitrogen fertilization as a substitute 
forthinnings is interesting, butisunlikely to satisfyyour 

organization's objectives. Again assuming that any 
mortality results from competition, the fertilization 
thinning effect approximates a continuous light thin
ning from below. This result will be different from a 
more typical higher intensity crown thinning, and will 
probably not satisfy your density management objec
tives. The 14-year results in Douglas-fir and grand fir 
showed that although net volumes were similar, aver
age treesizewasoverthree timesas Jargeon the thinned 
plots. Even though nitrogen fertilization may producea 
"thinning effect," it is not a substitute for thinning. 

Lodgepole pine fertilized with 100 kg Nlha showed a 
three-year volume response of 30% while that fertil
ized with 200 kglha had a 33% response. Was this 
difference significant? 

These values reflect the average net volume per 
hectare response obtained from 11 lodgepole pine in
stallations. The 3% difference in response between the 
two treatments was notsignificant. E-esponseacross the 
11 installations varied from 4 to 65% for the 100 kg 
treatment and from 0 to 54% for the 200 kg treatment. 
Onlyone installationshoweda significantgain with the 
higher application rate; in five installations, the 200 kg 
response was actually less than the 100 kg response, 
although the differences were not significant. Results 
were similar for gross volume growth. 

Do you have any data on IFTNC installations that 
include potassium with nitrogen treatments? 

Based on results indicating that Douglas-fir on po
tassium-poor sites responded less to nitrogen fertiliza
tion, the IFINCestablished a series of trials contrasting 
N alone and N+K treabnents. We now have 90 such 
sites in Douglas-fir scattered across the intennountain 
region and 6 ponderosa pine sites in western Montana. 
Two-yearresponsedatacollectionwas completed inthe 
fall of 1990; thus early response results should soon be 
available. 

Could low potassium soils be identified by particular 
exchangeable K concentTations in the soils? 

Low potassium sites were identifiedbased on analy
sis of Douglas-fir foliage. Foliar K concentrations and 
soil exchangeable K values (determined using the stan
dard ammonium acetate extraction method) were 
uncorrelated. The IFTNC is currently looking at soil 
potassium desorption curves as a way to characterize 
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soil potassium status in a manner meaningful to fertil
izer behavior and tree growth response. 

How do you identify potential mortality problems? 

In a number of cases, nitrogen fertilization has in
creased tree mortality rates. Sometimes this resulted 
from faster crowndifferentiationand increased density, 
producingcompetition-eausedmortality. Inothercases, 
physical processes (snow bending and breakage, 
windthrow) or biotic disturbances (squirrel damage, 
root rot mortality) were enhanced by the fertilization. 

To identify situations where nitrogen fertilization 
may accelerate mortality, you need to (1) understand 
the effects that the fertilizer has on the trees and (2) be 
aware of mortality agents at work in the area. For 
example, we know that nitrogen fertilizers shift carbon 
allocation within the tree toward crown production, 
thereby increasing crown biomass and the shoot-root 
ratio. IT we are working in an area where.windthrow or 
snow breakage is common, we would anticipate that 
nitrogen fertilization would increase oUT mortality rate 
from those agents, particularly if we opened up the 
stands through thinnings. Similarly, in an area with 
substantial root rot mortality, nitrogen fertilization is 
likely to increase mortality rates by increasing the de
mand on an already inadequate root system. 

Other nitrogen fertilizer effects are more subtle, ere
atingnutrientimbalancesorinducingdeficiencies with
in the tree. When we know there is already a problem 
with other nutrients, we would anticipate that addi
tional nitrogen would exacerbate the situation. Thus 
nitrogen fertilizer has been shown to aggravate boron 
deficiency symptoms in lodgepole pine. However, in 
most cases we have no visible symptoms telling us that 
other elements are lacking. We need much more infor
mation developed about the conditionsassociated with 
other nutrient deficiencies before we will be able to 

predict where nitrogen fertilizer might adversely im
pact tree nutrition. 

Distinguish between direct and indirect effects on re
sponse to fertilization. 

When we measure response to fertilization, we com
monly look at changes in basal area or volume over a 
certainperiod. Thiscanbe measured on individual trees 
or plots. Comparisons are then drawn between trees or 
plots that are iniJially of the same size ordensitybutare 
treated differently. Similar starting conditions are nec
essary because treegrowth rates are dependent on size, . 
and plot growth rates are dependent on density. Initial 
similarity is achieved by careful selection and by nu
merica1adjustmentforsizeordensitydifferencesthrough 
analysis of covariance. 

Letus consider individual-tree comparisons (a simi
lar argument can be made for plots). Assuming there is 
a positive fertilizer effect on growth, after the first year 
ofgrowththe treated treewillbe larger thantheuntreated 
tree. The difference in growth is our measure of re
sponse, all of which is attributable to the fertilizer treat
ment. However, in the second year the treated tree will 
have started off at a larger size than the untreated; thus 
some of the differences in growth at the end of the 
second year are due to the initial size differences. When 
we calculate total response in the second year, we can 
partition that response into one portion resulting from 
initial size differences (an indirect fertilizer effect) and 
another portion directly attributable to the fertilizer (a 
direct effect). The indirect effect accumulates so that, as 
the time since treatment lengthens, an increasing por
tionofthedifferencebetween treated and untreated tree 
growth can be attributed to past growth increases. 
Auchmoody (1985) provides a detailed discussion of 
this topic. 
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