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Abstract A single application of 200 pounds nitrogen (N) plus 33 pounds of sulphur (S) per 
acre to white fir (Abies concolor (Gord. & Glen.) Lindl.) increased periodic annual 
increments of basal area and volume by 1.7 ft2acre-1year-1 and 43 to 68 ft3acre-1- 
year-1 respectively over 4- or 5-year periods. The stands become infested with 
budworms (Choristoneura occidental is Freeman and C. retiniana (Walsingham)) after 
fertilization thereby causing increased variability in height growth. The influence of 
fertilization on height growth therefore was statistically significant in only one of the 
two stands studied. Evidence in these and other studies suggest that thinned white fir 
and grand fir (Abies grandis (Dougl. ex D. Don) Lindl.) respond well to N plus S on 
pumice and ash soils and to N on many other soils. Rates of N application higher 
than 200 pounds per acre are not recommended. 

Keywords: Growth rates, fir —) fertilization, pine —) fertilization, budworms, man- 
aged fir stands. 

Research on the response of lodgepole pine (Pinus contorta Dougl. ex Loud.) and 
ponderosa pine (Pinus ponderosa Dougl. ex Laws.) to fertilization in Oregon has 
been ongoing since the 1960s (Cochran and others 1979, Powers and others 1988). 
Fertilization with nitrogen (N) alone and in combination with sulphur (S), and phos- 
phorus (P) has produced large increases in volume increments for many thinned 
stands. All three elements and their interactions produce statistically significant in- 
creases in growth of pine seedlings on pumice soils in the greenhouse (Youngberg 
and Dyrness 1965). Application of P and S when applied with N increased basal area 
growth over N alone, and all three elements in combination produced the greatest 
growth of basal area in one study in pole-sized ponderosa pine. Volume growth was 
not increased by S and P in combination with N over N alone in this study (Cochran 
1978). Response of volume growth to S in the field tends to be significant, and 
available evidence suggests S is more important than P on pumice and ash soils 
(Will and Youngberg 1978). 

Volume growth has been increased by fertilization as much as 75 percent over 
controls for ponderosa pine and 100 percent over controls for lodgepole pine for 
short periods. Even so, the economic benefits are questionable (Cochran 1989, 
Cochran and Barrett 1983, Randall 1979) on medium and low sites. White fir (Abies 
concolor (Gord. & Glend.) Lindl.) and grand fir (Abies grandis (Dougl. ex D. Don) 
Lindl.) pole and sawtimber stands have much higher growth rates than stands of 
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lodgepole and ponderosa pine. The same percentage increases in volume production 
through fertilization for most pine stands produce much higher amounts of wood in 
white or grand fir stands. Loewenstein and Pitkin (1963) found that height growth of 
grand fir during the first growing season after N application is no different than growth 
before treatment. In the second growing season, though, height growth due to ap-
plication of 150 pounds per acre of N is 233 percent of pretreatment growth, and 
height growth due to application of 150 pounds per acre N plus 150 pounds per acre 
of potassium (K) and 65 pounds per acre of P is 286 percent of the pretreatment 
growth. Scanlin and Loewenstein (1979) found that 200 pounds per acre N in the 
form of urea increases volume increment per tree by 23 percent in unthinned stands 
and 54 percent in thinned stands. Graham and Tonn (1979) found that fertilization 
with 200 and 400 pounds per acre of N increases diameter and height growth of 
grand fir over controls but that there is no difference in response between the 200- 
and 400-pound treatments. Shafii and Moore (1989) found that fertilization of grand 
fir with 200 pounds of N per acre increases average tree volume over 14 years by 
14 percent in unthinned stands and 23 percent in thinned stands. Preliminary re-
sponses from some white fir fertilizer trials in California indicate 40- to 55-percent  
increases in volume growth rates over 3 to 5 years after application of 200 pounds 
per acre of elemental N (Powers 1979). Miles and Powers (1988) summarize results 
from 16 true fir sites in California where application rates of 200 pounds N per acre 
produced responses in periodic annual volume increment ranging from -16 to +70 
percent over controls. Doubling the application rate increased the volume increment 
in only one study. Average response to treatment was 35 and 18 percent for the 
200- and 400-pound application rates, respectively. In central Oregon, a 35-percent 
increase in growth of white fir stands would be substantial. 

A white fir-grand fir species complex is recognized in the central Oregon Cascade 
Range (Zobel 1973). Many of the trees in Oregon and Washington, including those 
from the study areas of concern here, display characteristics of both species al- 
though they are referred to locally as white or grand fir. The term "white fir" is used 
in this report for these trees, even though some of the trees have definite grand fir 
characteristics. White fir occurs in nearly pure stands on about 2.5 million acres east 
of the Cascades in Oregon and Washington. White fir is also mixed with Douglas-fir 
(Pseudotsuga menziesii (Mirb.) Franco), Engelmann spruce (Picea engelmannii Parry 
ex Engelm.), western larch {Larix occidentalis Nutt.), ponderosa pine, and lodgepole 
pine over a much larger area. Although even-aged stands of white fir are capable of 
high growth rates (Cochran 1979a), managers of white fir are often faced with serious 
disease and insect problems. When white fir is attacked by defoliating insects, such 
as the western spruce budworm (Choristoneura occidentalis Freeman) or the Modoc 
budworm (C. retiniana (Walsingham)), fertilization may limit the damage by increasing 
the amount of foliage produced.1 Trtis note reports responses of two white fir stands 
to applications of N plus S. One stand has pole-sized timber with some small 
sawtimber and the other stand is sawtimber-sized. 

1 Wickman, Boyd E.; Mason, Richard R., Paul, H. Gene. 
Thinning and nitrogen fertilization in a grand fir stand infested 
with western spruce budworm. Manuscript in preparation. On 
file with: Boyd E. Wickman, Forestry and Range Sciences 
Laboratory, 1401 Gekeler Lane, Ua Grande, OR 97850. 



Methods of Study 

Study Areas 

The pole-sized stand is located at an elevation of 5,500 feet on the northwest, west, 
and southwest aspects of a small butte (slopes are 3 to 10 percent) in the SW1/4 
NE1/4 sec. 6, T. 15 S., R. 10 E., of the Willamette Meridian about 14 miles south-
west of Bend, Oregon. The soil is developing on Mazama pumice and ash 23 to 28 
inches deep. A 1-inch-thick litter layer is present over an A1 horizon 2 inches deep, 
which is over a 7-inch-thick AC horizon and a C1 horizon containing more than 50 
percent mixed material from the AC horizon and the buried profile. Bulk densities are 
0.65 Mgm-3 or less, the soil is very well drained, and none of these horizons offers 
any barrier to root proliferation. The natural fertility is low (table 1) and conversion of 
some of the nutrients to a pounds-per-acre basis makes this low fertility even more 
evident. The buried profile has a MB horizon of mixed cinders and ash extending to 
a depth of 34 inches and IIC2 horizon consisting of about 80 percent cinders. The 
stand in 1979 was 46 years old at breast height (b.h.) with a basal area of 225 
square feet per acre. Fifteen percent of the basal area of the stand was in other 
species, primarily lodgepole pine, but some ponderosa pine and a few western white 
pine {Pinus monticola Dougl. ex D. Don) also were present. These pines were being 
severely attacked by mountain pine beetle (Dendroctonus ponderosae Hopkins). Old 
burned tree trunks and stumps indicated that the stand originated after a fire. No 
understory was present but dead remnants of snowbrush (Ceaothus velutinis Dougl. 
ex Hook.) and manzanita (Arctostaphylos patula Green) were scattered though the 
stand. Site index averages 84 feet (Cochran 1979b). 

 

Table 1—Some properties of the soils supporting the pole and saw timber standsa 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Analyses were performed by the Oregon State University Soil Testing Laboratory, Corvallis, by the methods of Roberts and others (1971). 
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Plot Layout and 
Measurements 

The sawtimber stand is about 5.5 miles northwest of Fort Klamath in sec. 11 and 12, 
T. 33 S., R. 6 E. The elevation of the area is 4,550 feet and the topography is flat. 
The deep, well-drained soil is forming on fine Mazama ash deposited around the 
outer edge of the avalanche flow from the Mazama eruption. A litter layer up to 3 
inches thick is present. The loamy coarse sand A1 horizon is 5 inches thick, and the 
loamy sand to gravely loam AC horizon is 12 inches thick. The C horizon contains 
some pumice gravel and is greater than 20 inches in thickness. The bulk densities 
are low (0.55 to 0.65 Mgm-3), no barriers to root proliferation are present, perme-
ability is high, and the soil has low natural fertility (table 1). This stand was 100 years 
old at b.h. in 1981 when it was commercially thinned. Tallest tree heights were 
almost 100 feet, but increment borings suggested that high stand densities in the 
past and possible attacks by budworms have retarded height growth. Estimates of 
site index values from height growth after thinning indicates the site index (Cochran 
1979b) of the area is about 94 feet. For the thinning, leave trees were marked and 
the thinning was primarily from below to a leave density of 0.3 normal. Normal stand 
density is defined as (Cochran and Oliver 1988): 

loge(trees/acre) = 10.31 - 1.73[loge(mean diameter)].      (1) 

Thinning slash was scattered with some concentrations piled. None of the scattered 
slash or the slash in piles was burned. 

Ten square or rectangular plots with 33-foot buffer strips were used in each stand. 
For the pole-sized stand, the plots were 0.2 acre; 0.4-acre plots were used in the 
sawtimber stand. The plots and their buffers in the pole-sized stand were thinned in 
summer 1980. All pines and suppressed and most intermediate fir were cut. Leave 
density was about 45 percent of normal. Slash was lopped and scattered, and boles 
of the felled trees were cut in 4-foot lengths and left on the surface. On all plots, 
trees were tagged at b.h., diameters were measured to the nearest 0.1 inch, and all 
heights were measured with poles or optical dendrometers. On each plot, two large 
trees, two small trees, and one intermediate-sized tree were measured with optical 
dendrometers for volume determinations. These trees were randomly selected from 
diameter distribution charts made for each plot. Total cubic-foot volume for the bole, 
including the stump and tip, were determined for each of these five sample trees per 
plot by using equations from Grosenbaugh's (1964) STX program modified to use 
Cochran's (1982) bark thickness model. For the sawtimber stand, Scribner board-foot 
volume to a 5-inch top also was determined for these sample trees. Volume 
equations of the form, 

logeV = a + b(logeD) + c(logeH), 

were then determined by using regression techniques with the 50 trees from each 
area. This model was chosen because it has worked well in other studies and 
because it does a better job than other commonly used models of describing the 
relation of volume to diameter and height over a wide range of tree sizes. These 
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Fertilizer Treatments 

Design and Analyses 

Budworm Infestations 

equations were then used with the diameters and heights of the additional trees to 
determine their volume. All these measurements were taken after the growing sea-
sons and just before the beginning and at the end of the measurement periods. The 
measurement period was five growing seasons for the pole stand (growing seasons 
1981 through 1985) and four growing seasons for the sawtimber stand (growing 
seasons 1985 through 1988). 

For each area, 5 of the 10 plots were randomly selected for fertilization and the re-
maining 5 plots served as controls. Fertilized plots received 200 pounds per acre of 
N and 33 pounds per acre of S. Urea (45-0-0) and ammonium sulfate (21-0-0-24) 
were the carriers. Fertilizer was broadcast-applied by hand in late October before the 
first growing season in the measurement period. The weather was cold and 3 inches 
of wet snow was on the ground when fertilization occurred in the pole stand. Weather 
was cool and snow was forecast as fertilizer was applied in the sawtimber stand. 
Buffer strips of the fertilized plots received fertilizer at the same application rate as 
the plots. 

The studies in both areas have a completely randomized design. Each area was 
analyzed separately because the measurement periods were of different lengths 
and had only one common growing season. Previous experience in pine studies 
indicated that periodic annual increments (PAIs) for plots were linearly related to 
initial plot basal area (BA) if the range of basal areas was not great. Further, the 
random choice of plots for fertilization in both areas resulted in a narrow range of 
basal areas for the fertilized plots; a density-fertilizer interaction would probably be 
difficult to detect even if it occurred. Therefore the model, 

Y = bo + b1(BA) + b2F, 

was used to test the hypotheses that PAIs of volume, basal area, mean diameter, 
and height (Y) did not change with fertilization (F). In the model, F is a dummy 
variable equal to 1 for fertilized plots and 0 for control plots. 

The presence of budworms was not noticed during plot establishment in either stand. 
Visits to the plots during the subsequent growing seasons indicated, however, that 
budworms were present in numbers sufficient to cause noticeable defoliation. No 
formal estimates were taken of population densities or the amount of defoliation, but 
infestations became serious enough to cause top damage. The pole stand appeared 
to suffer more top damage, but noticeable top damage also occurred on some trees 
in the sawtimber stand. 
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Yield Comparisons 
with Pines 

Results 

Initial Plot Conditions 

Mortality 

To obtain some measure of budworm damage to tops, ratios of average height of all 
trees to site tree height were calculated for each plot at the start of the study. Site 
tree height is the height of the tallest tree on a 0.2-acre plot or the average height of 
the two tallest trees on a 0.4-acre plot. Next, undamaged heights of the site trees for 
plots in the pole stand were estimated for the end of the study period by using the 
equations of Cochran (1979b). Ratios of the actual average heights of all trees di-
vided by the estimated heights of the site trees at the end of the period (assuming no 
top damage had occurred to the site trees) were then estimated for each plot. Less 
damage was apparent in the sawtimber stand than in the pole stand, and the site 
trees seemed unharmed. The ratios of the average height of all trees to height of the 
site trees therefore were calculated from actual values at the end of the period. The 
number of trees involved in calculating these ratios remained the same through the 
period. The assumption is made that the ratio of heights of a given number of trees 
to the heights of the site trees remains constant when top damage is absent in man-
aged stands as they grow (Dahms 1983). If the ratio of a set number of heights di-
vided by the calculated height of the site trees or the ratio of a set number of heights 
divided by the height of undamaged site trees were lowered during the study period 
because of a reduction in height growth of the nonsite trees, the change in these 
ratios could serve as an index to top damage by budworms. 

Volume increments for studies in ponderosa and lodgepole pine stands on soils 
developing from Mazama pumice and ash are available from other studies. The pine 
increments were compared with the increments from these white fir stands after 
adjustment to a common initial basal area. 

Stocking levels in the pole stand averaged 45 percent of normal density at the begin-
ning of the study. Basal area ranged from 84 to 175 square feet per acre, mean 
diameters ranged from 6.2 to 11.6 inches, average heights ranged from 29.7 to 54.2 
feet, and lowest and highest plot volumes were 1,694 and 3,895 cubic feet per acre 
(table 2). 

Initial stocking levels in the sawtimber stand averaged about 40 percent of normal 
density. Plot basal areas ranged from 81.7 to 146.9 square feet per acre, mean 
diameters ranged from 12.4 to 16.9 inches, average heights ranged between 72.1 
and 89.7 feet, cubic-foot volumes ranged from 2,314 to 5,121 cubic feet per acre, 
and board-foot volumes ranged from 9,239 to 22,530 (table 3). These statistics are 
initial statistics for the trees that lived through the study period. 

In winter 1980-81, four trees suffered snow damage on plots in the pole stand and 
were cut the following spring. No trees died during the 5-year period once the first 
growing season started. Eight out of 339 trees died on plots in the sawtimber stand 
during the 4-year measurement period; four died on plot 2 (a fertilized plot with few 
trees [table 3]), plots 6 and 10 each lost one tree, and two trees were lost on plot 9. 
Increments were calculated as if these trees never existed, and they are not shown 
in tables.2 and 3. 
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Table 2—Some statistics for the pole stand In spring 1981, the beginning of the 
study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3—Some statistics for the sawtimber stand in spring 1985, the beginning 
of the study 
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Growth Rates 

Ratios of Average 
Height to Height of 
Site Trees 

Comparisons of Fir 
and Pine Volume 
Increments 

Subtracting the appropriate initial plot values (tables 2 and 3) from the final plot 
values (tables 4 and 5) and dividing by the number of growing seasons produces 
the corresponding PAIs for mean diameter, average height, basal area, and volume 
(tables 6 and 7). When these plot PAIs were used with the corresponding initial plot 
basal areas (tables 2 and 3) in the regression model to determine the influence of 
fertilizer, results between the two stands differed somewhat. Values for the fertil-
ization coefficient in the model (table 8) show that for the pole stand, fertilization 
increased cubic volume PAI by 43 ft3acre-1year-1 and basal area PAI by 1.8 
ft2acre-1year-1. These increases are significant at the 10-percent level, or lower, 
of probability (table 8). PAIs for mean diameter and average height were not sig-
nificantly changed by fertilization. Except for mean diameter, all the PAIs differed 
significantly with initial basal area. 

For the sawtimber stand, fertilization increased cubic volume PAI by 68 ft3acre-1 

year-1, Scribner board-foot volume PAI by 357 board feet-acre-1 year-1, basal area 
PAI by 1.7 ft2acre-1 year-1 average height PAI by 0.3 ft/year, and the PAI for mean 
diameter by 0.1 inch/year. All the determined PAIs were significantly increased by 
fertilization (table 8). PAIs of mean diameter and average height decreased signif-
icantly as initial basal area increased, but PAIs for cubic-foot volume, board-foot 
volume, and basal area were not related to initial basal area. 

The low periodic annual height increments for the pole stand (table 6) indicate that 
budworms reduced the height growth for both the fertilized and nonfertilized plots. 
Height PAIs should have been greater than 1.0 foot per year. Even though the 
average for the height PAIs is slightly higher for the fertilized plots, the differences 
were not significant at the 10-percent level of probability. For the pole stand, ratios 
of average height to height of the site trees in 1980 ranged from 0.61 to 0.76 and 
averaged 0.68 for the plots receiving fertilizer. These ratios for the control plots 
ranged from 0.56 to 0.8 and averaged 0.70. During the study period, these ratios 
decreased to an average of 0.6 for both the control and fertilized plots. Although no 
formal statistical tests were performed, it is evident that there was no difference in 
the change of these ratios with treatment. For the sawtimber stand, there was no 
real difference in the ratios with treatment or time. The average of these ratios at 
both the start and end of the period was 0.81 for the control plots and 0.80 for the 
fertilized plots. 

Thinned pine stands generally have lower basal areas than thinned fir stands. There-
fore, growth rates for thinned pine stands are expected to be lower than fir stands 
(fig. 1). The lodgepole pine stand (stand 1, fig. 1; table 9) was fertilized with 600 
pounds N per acre, 300 pounds P per acre, and 99 pounds S per acre. The ponder-
osa stand (stand 2, fig. 1) was fertilized with 200 pounds N per acre, 100 pounds P 
per acre, and 33 pounds S per acre. When the PAIs for volume are adjusted to a 
common basal area of 80 square feet per acre, yields of nonfertilized fir stands are 
about twice as high as the non fertilized pine stands. Percent increases in volume 
PAI with fertilization were higher for the pine stands but actual volume PAIs were 
higher for the fir (table 9). 
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Table 4—Some statistics for the pole stand in fall 1985, 5 growing sea-
sons after treatment 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5—Some statistics for the sawtimber stand In fall 1988, 4 growing sea-
sons after treatment 
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Table 6—Periodic annual increments for the pole stand over the 5-year measure-
ment period 

 

 

 

 

 

 

 

 

 

Table 7—Periodic annual increments for the sawtimber stand over the 4-year 
measurement period 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 8—Summary statistics for the analysis of covarlance model Y = bo + bi (BA) + b2 (F) used to test the 
effect of fertilizationa 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a Dependent variables are PAIs of volume, basal area, average height, and mean diameter. BA is basal area at the start of the period, and F is 
a dummy variable equaling 1 for fertilized plots and 0 for the control plots. 
b Values in parentheses are p-values from the hypothesis test that the regression coefficient equals 0. 

 
Figure 1—Periodic annual volume increments as a function of basal area at 
the start of the measurement period for the first 4- or 5-year period after 
application. Numbers 1 through 4 indicate four different stands. Stand 1 is 
a lodgepole stand (Cochran 1989) fertilized with 600 pounds N plus 300 
pounds P and 90 pounds S per acre. Stand 2 is a ponderosa pine stand 
fertilized with 200 pounds N plus 100 pounds P and 33 pounds S per acre. 
Stand 3 is the pole-sized white fir stand, and stand 4 is the sawtimber white 
fir stand. 
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 Table 9—Periodic annual volume Increments over the first 4- or 5-year periods 
after treatment corresponding to an Initial basal area of 80 square feet per acre 

 
Stands of white fir can be thinned from below to stocking levels equivalent to 0.5 nor-
mal or even less without losing much potential growth or any usable growth in the 
absence of serious insect or disease problems (Cochran and Oliver 1988). Fertiliz-
ation in combination with thinning produces more volume and much larger tree sizes 
than fertilization without thinning or thinning alone (Shafii and Moore 1989). When the 
costs and benefits of fertilization are being considered in a management decision, the 
advantages of harvesting the same amount of volume with fewer but larger stem 
sizes should be taken into account. 

Discussion 

Fertilization, when the response is positive, accelerates the rate of movement by a 
stand toward a target size. Direct effects due to increased tree nutrition have lasted 
at least 4 or 5 years in these studies, and the indirect effects due to increased tree 
sizes will continue as the stands develop. Just how far fertilization can project these 
stands forward in time will not be determined until the studies are remeasured at 4-or 
5-year intervals at least once or twice more. Basal area PAIs (table 8) of fertilized 
plots show average increases of 1.8 ft2acre-1year-1 for the pole stand and 1.7 ft2- 
acre-1 year-1 for the sawtimber stand. Multiplying these increases in PAIs by the 
length of the study period produces 9 extra square feet of basal area for the pole 
stand and 6.8 square feet of basal area for the sawtimber stand. Dividing these 
increases by the average basal area PAIs for the control plots (tables 6 and 7) 
provides a crude estimate of 2 years for the length of time these stands were 
projected ahead by fertilization during the first study period. 

There is no conclusive evidence that fertilization reduced the amount of top damage 
by budworms in either stand; however, fir stands are subject to much higher popu-
lations of budworms than were found in either of these stands during the study thus 
far. At higher population levels of budworm, a reduction in top damage might occur 
with fertilization. 

The response to fertilization at any given site is related to several factors including 
the amount of available soil water, the balance of nutrients, and the rates at which 
nutrients become available. Unfortunately, no simple test is available that allows , 
good predictions of potential responses to fertilization across a range of sites (Miles 
and Powers 1988). 
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