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In Brief. . . 
Dolph, K. Leroy. 1992. Predicting height increment of young- 

growth red fir in California and southern Oregon. Res. 
Paper PSW-RP-214. Albany, CA: Pacific Southwest Re- 
search Station, Forest Service, U.S. Department of Agricul- 
ture; 4 p. 

Retrieval Terms: stem analysis, increment (height), California, 
Oregon, red fir, California red fir, Shasta red fir 

Many of today's growth and yield prediction systems use 
the individual tree rather than the forest stand as the basic 
prediction unit. In these models based on individual trees, stand 
development is simulated by predicting increments in diameter 
and height of the individual trees that comprise the stand. 

This paper presents an equation to estimate future periodic 
(10-year) height increment of individual red fir trees in Califor- 
nia and southern Oregon. The information needed to estimate 
10-year height increment includes initial diameter, height, and 
live crown percent of the subject tree, an estimate of the concur- 

rent 10-year diameter growth, and a rating of the degree of dwarf 
mistletoe infection. In addition to these individual tree character- 
istics, the stand and site factor information needed for estimating 
height growth includes stand density (basal area per acre), stand 
location (by National Forest), slope percent, aspect, elevation, 
and an estimate of site index for red fir (base age 50 years at 
breast height). 

Tree, stand, and site information were recorded at 56 sample 
locations randomly located in young-growth stands throughout 
the high-elevation red fir forests of California and southern 
Oregon. At each sample location, from 4 to 10 randomly se- 
lected trees were felled and sectioned so that growth, both in 
height and diameter, for the last 10-year period could be accu- 
rately measured. Least-squares regression techniques were used 
to relate 10-year height growth to the significant tree, stand, and 
site variables and to obtain estimates of the model parameters. 

The linear regression model accounted for 75.5 percent of 
the variability in 10-year height increment of the young-growth 
red fir trees observed on the study plots. 
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Introduction 

T he Prognosis Model for Stand Development (PROGNO- 
SIS) was developed for use in the Inland Empire area of 
northern Idaho, eastern Washington, and western Mon- 

tana (Stage 1973; Wykoff and others 1982). PROGNOSIS is a 
stand growth simulator based on individual trees. The model 
estimates changes expected in heights and diameters of sample 
trees in a stand during the next growth period, and accounts for 
mortality by reducing the trees-per-acre representation for each 
sample-tree record. Thus, the basic unit of the projection is the 
individual tree, and the development of the stand is, accordingly, 
the sum of the development of its component trees. 

New "variants" of PROGNOSIS result when the model is 
calibrated for different geographic areas. Three variants of PROG- 
NOSIS have been developed for growth projection and yield 
estimates for most of the major commercial tree species in 
California, but growth equations for red fir have not yet been 
included in these variants. A model for predicting diameter 
increment of individual red fir trees has been developed (Dolph 
1992) and, along with the height increment model reported in 
this paper, will constitute a set of red fir growth equations for 
these PROGNOSIS variants. 

This paper describes a linear regression equation for pre- 
dicting future 10-year height increment for red fir in California 
and southern Oregon. This equation is designed to be used 
within existing PROGNOSIS variants for silvicultural and man- 
agement planning for the red fir type. Because California red fir 
(Abies magnqica A. Murr.) and its commonly recognized vari- 
ety Shasta red fir (Abies magnijica var. shastensis Lernm.) are 
considered to be almost identical in silvical characteristics (Hallin 
1957), no attempt was made to distinguish between them during 
the sampling phase of the study. In this paper they are referred to 
collectively as "red fir." 

Methods 

Fifty-six natural stands of young-growth red fir were ran- 
domly sampled throughout the study area during the field sea- 
sons of 1984 - 1988. The study area coincides with the range of 
the natural distribution of red fir in California, southern Oregon, 
and extreme western Nevada (fg. I). This area occupies the high 
elevations, roughly between 5,000 and 9,000 feet (1524 to 2743 
m) from Lake County, California, northward through the north 
Coast and Klamath ranges, and from Kern County, California, 
northward through the Sierra Nevada and the Cascade ranges to 
about the latitude of Crater Lake, Oregon (Gordon 1980). Red fir 
strata were identified on National Forest timber-type maps and 
randomly selected for sampling. Field crews then identified 
suitable young-growth red fir stands within the selected strata 
for plot installation and measurement. 

Each stand was sampled using a cluster of five variable- 
radius plots arranged in an "L" shape, with plot centers 132 feet 
(40.2 m) apart along north and east compass lines. This sample 
plot layout was selected to be consistent with procedures used in 
the USDA Forest Service Pacific Southwest Region's Compart- 
ment Inventory and Analysis (CIA) program. Each plot in the L- 
shaped cluster was independently evaluated for study suitability 
by the following criteria: 

OREGON 
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\ 

.:- 
Figure 1-Natural range of red fir and study plot locations. 
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Homogeneous site-Only one distinct soil type, slope 
percentage, or aspect was present on a 0.2-acre (0.08-ha) circular 
plot around the plot center (radius 52.7 ft r16.06 m]). 

Significant amount of red fir-At least 20 percent of the 
trees 1.0 inch (2.54 cm) and greater in diameter at breast height 
(d.b.h.) were red fir. 

Young-growth-No more than 25 percent of the plot trees 
were older than 120 years at breast height. 

Untreated stand-No silvicultural treatment was evident 
during the 10 years before measurement. 
In stands where at least two of the five plots met these four 
criteria, all suitable plots were measured. If there were fewer 
than two suitable plots, no measurements were taken in that 
stand. The number of measured plots therefore ranged from two 
to five in each of the clusters; a total of 254 plots were measured 
in the 56 stands. 

Stand and Tree kasuvements 
Basal area per acre was determined at each plot center by 

counting all trees that qualified for tallying with a wedge prism. 
Prisms with basal area factors of 20,40, or 60 were used depend- 
ing on stand composition. Each tally tree was assigned a tree 
number and the following characteristics and measurements 
were recorded for each. 

* Species 
* Diameter at breast height (D.b.h.) (outside bark) 

Crown position 
Damage, defect, and tree class 

* Total height 
Height to base of live crown 

On each tree 3.0 inches (7.6 cm) d.b.h. and larger, age and 
past 10-year radial growth were measured from increment cores 
extracted at breast height (4.5 ft [1.37 m] above the ground on 
the uphill side of the tree). Radial growth for the past 10-year 
period was measured to the nearest 0.05 inch (0.13 cm), using a 
hand lens when necessary. 

Two trees, on the average, on each plot were then felled and 
sectioned to determine the past 10-year height growth. A ran- 
dom number table was used to determine which trees would be 
sampled for height growth. Trees older than 120 years at breast 
height and trees with dead, broken, or otherwise deformed tops 
were not sampled. 

Each tree was marked at breast height before felling, and all 
subsequent height measurements were taken from this reference 
point after the tree was on the ground. Height to the tip of the 
tree, excluding the current season's growth, was recorded first. 
Height of the tree when growth started 10 years ago was deter- 
mined next by cutting cross-sections down the stem until the 
lowest section that contained 10 complete growth rings was 
found. Height to this section was then recorded. Height incre- 
ment for the 10-year growth period was determined from the 
difference of these two measurements. 

The d.b.h. of each tree, at the start of the most recent 10-year 
growth period, was determined using the radial wood growth 
measurement and a backdating procedure. The backdating pro- 
cedure to determine past outside bark diameters is described in 

another report (Dolph 1989). The past d.b.h. values for all the 
trees on a plot were then combined and past basal area per acre 
was obtained. To calculate basal area at the beginning of the 
growth period, it was assumed that trees that died during the 10- 
year period had the same diameter values at the start and end of 
the period. Live crown percent was calculated from total height 
and height to the base of the live crown. Since live crown percent 
changes slowly during a 10-year period (Stage 1975), it was 
assumed constant over the period. Means and ranges are given 
for the major tree, stand, and site characteristics (table I). 

Site Factors 
Major environmental characteristics of each plot were de- 

termined on a 0.2-acre circular plot around the prism plot center. 
The following information was recorded: 

* Slope percent, measured with a clinometer along the line 
of slope passing through the plot center 

* Aspect, measured with a hand compass along the line of 
slope and recorded as azimuth from true north to the nearest 
degree 

Site index, recorded as the total height of the best-grow- 
ing, dominant tree on the plot at the index age of 50 years at 
breast height. Site index for most of the plots was determined 
directly from stem analysis of selected site quality trees when 
they occurred within 66 feet (20.1 m) of the plot center. For plots 
where no site quality trees were present within the 66-foot radius 
of the plot center, site index estimates were made using height 
and age data of the nearest suitable tree and the site index table 
for red fir (Dolph 1991). 

Site factor information recorded for the entire cluster in- 
cluded: 

Elevation of the vertex plot of the L-shaped cluster, deter- 
mined from U.S. Geological Survey maps and recorded to the 
nearest 100 ft (30.5 m) 

Latitude of the cluster, determined from USDA Forest 
Service maps, and recorded to the nearest minute. 

Table 1-Summary of the major untransformed variables for development of 
the redfir height increment model.' Sample size equals 492 

Variable Minimum Maximum Mean 

10-year diameter growth (inches) 

10-year height growth (feet) 

Diameter at breast height (inches) 

Total height (feet) 

Live crown ratio (percent) 

Site index (feet) 

Total plot basal area (sq ftlacre) 

Slope (percent) 

Elevation (feet) 

'Except for 10-year diameter and height growth, values indicated are for the 
beginning of the 10-year growth period. 
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Analysis 

Three groups of variables were thought to affect height 
growth of the individual trees: (1) tree size and vigor, (2) com- 
petitive status, and (3) site factor variables. Combinations of the 
following independent variables and transformations of several 
of these variables were initially tested for predicting 10-year 
height increment: 

Tree size and vigor 
D.b.h. 
Total height 
Live crown percent 
Mistletoe rating (Hawksworth 1977) 
Concurrent 10-year diameter growth 

Competitive status 
Plot basal arealacre 

* Basal area in larger trees 
(Basal area in larger trees)/(d.b.h. of the subject tree) 

Site factor variables 
Latitude 
Location (by National Forest) 
Elevation 

* Percent slope 
* Aspect 

Site index 

Tree, stand, and site factor variables (and transformations of 
these variables) of greatest value in predicting the 10-year height 
growth of red fir were identified using the best subsets regres- 
sion procedure of Minitab (Minitab Inc. 1989). The best subsets 
of independent variables were defined as those which (1) mini- 
mized the residual mean squared error and Mallows' Cp statistic 
(Hocking 1976), with Cp close to the number of parameters, (2) 
maximized the coefficient of determination (R2), and (3) came 
closest to meeting the assumptions of regression analysis. Of 
these best subsets, the one chosen for the model was selected on 
the basis of the number of variables included, biologically mean- 
ingful relationships of the dependent and independent variables, 
and low multicollinearity of the predictor variables. Variance 
inflation factors (VIF's) were computed for each of the model 
coefficients to detect collinearity among the selected indepen- 
dent variables. After the best subset of predictor variables was 
identified, the regression coefficients, standard error, R2, and 
VIF's were computed using Minitab (Ryan and others 1985). 

Results and Discussion 
The model that best describes the relationship between 10- 

year height growth of individual red fir trees and the tree, stand, 
and site characteristics is expressed as 

E[HG] = LOC + MIS + B, * DSQ + B2* ln(HT) + B,e HTSQ + 
B,* CR + B,. SRDG + B,* COS(ASP) * SL + 
B, ELEV + B, * SI + B, * ln(BA) 

in which 
E[HG] = the expected value of the periodic (10-year) 

height growth in feet 

USDA Forest Service Res. Paper PSW-RP-214. 1992. 

LOC = a constant term (intercept) that is dependent 
on location by National Forest (table 2) 

MIS = a constant term (intercept) that is dependent 
on the tree's dwarf mistletoe rating (table 2) 

DSQ = D2/1000 in which D = the diameter of the 
subject tree (outside bark in inches) at breast 
height at the beginning of the'l0-year growth 
period 

ln(HT) = natural logarithm of total tree height in feet at 
the beginning of the growth period 

HTSQ = (total tree height squared)/1000 
CR = live crown percent = (live crown lengthltotal 

tree height). (100) 
SRDG = square root of the change in inside bark 

diameter at breast height during the 10-year 
growth period in inches 

COS(ASP) = cosine of the plot aspect expressed in degrees 
from true north 

SL = slope of the sample plot (percent/100) 
ELEV = elevation of the vertex plot of the L-shaped 

cluster in hundreds of feet 
SI = site index of the plot expressed as the total 

height in feet of a dominant red fir at a refer- 
ence age of 50 years breast height 

ln(BA) =natural logarithm of the total basal area (square 
feet per acre) of the sample plot, at the begin- 
ning of the 10-year growth period 

B,, B2, ... B, = regression parameters estimated from the 
sample data. 

Table 2-Variables and coefficients of the height increment 
model for red fir 

Variables' Coefficient 

National Forest 
Klamath -18.986 

Location Shasta-Trinity -18.905 

intercepts Sierra -16.125 

(LOCI Stanislaus -17.121 
All other Forests -18.146 

Hawksworth's 6-class 
mistletoe rating 

Mistletoe rating 
intercepts 0 -  1 0.0 

(MIS) 2 - 3  - 1.079 
24 -1.406 

DSQ 
In(HT) 

HTSQ 

CR 
SRDG 

COS(ASP) . SL 

ELEV 

SI 
In(BA) 

'See Results and Discussion section for definition of these terms. 
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The linear regression, with the coefficients given (table 2), 
accounted for 75.5 percent of the variability in 10-year height 
increment observed on the study plots, with a standard error of 
estimate of 2.28 feet. Variance inflation factors of the model 
coefficients were all less than 8.0, indicating low multicollinearity 
of the predictor variables. 

Each tree was treated as an independent observation for 
the development of the predictive equation. In actuality, the 
clusters (which were selected randomly) are the experimental 
units, and the tree measurements are subsamples within the 
clusters. Ignoring this random cluster effect results in a slight 
underestimate of the variance associated with the regression. 
The actual amount the variance is underestimated is unknown 
since a variance component model was not developed, but it is 
assumed to be small and the random cluster effect was not 
considered significant in calculating the variance estimate 
associated with the regression. 

Putting confidence limits on multiple regressions requires 
computation of the Gauss or c-multipliers. The c-multipliers are 
the elements of the inverse matrix for sums of squares and 
products as they appear in the normal equations. The inverse 
matrix is not presented in this paper, but is available to anyone 
wishing to define confidence intervals for any combination of 
independent variables.' 

The equation predicts periodic height increment as a func- 
tion of initial tree size and competitive status, concurrent diam- 
eter increment, and site conditions. The predictive equation can 
be used to estimate height increment during the last 10-year 
growth period, when concurrent diameter growth can be mea- 
sured from increment cores, with the statistical reliability de- 
scribed. However, when the equation is embedded in the stand 
growth simulator (PROGNOSIS) to predict future height incre- 
ment, estimates of concurrent diameter increment instead of 
measured values must be used. The resulting height increment 
predictions therefore will be less reliable than the statistics pre- 
sented here indicate, depending on the accuracy of the diameter 
increment predictions. 

Height growth estimates calculated with values outside the 
range of the sample data (table I) should be used with caution if 
used at all. The height growth model for red fir was developed 
from data collected in young-growth stands (trees less than 120 
years old at breast height) and is intended for use in young- 
growth stands. Extrapolations of the basic data may easily result 
in negative 10-year height growth values, especially for trees 
with large diameters (30 inches d.b.h. and larger) with slow 
diameter-growth rates (less than 1.0 inch in 10 years). 

References 

Dolph, K. Leroy. 1989. Nonlinear equations for predicting diameter inside 
bark at breast height for young-growth red fir in California and 
southern Oregon. Res. Note PSW-409. Berkeley, CA: Pacific Southwest 
Forest and Range Experiment Station, Forest Service, U.S. Department of 
Agriculture; 4 p. 

Dolph, K. Leroy. 1991. Polymorphic site index curves for red fir in Califor- 
nia and southern Oregon. Res. Paper PSW-206. Berkeley, CA: Pacific 
Southwest Research Station, Forest Service, U.S. Department of Agricul- 
ture; 18 p. 

Dolph, K. Leroy. 1992. A diameter increment model for red fir in Califor- 
nia and southern Oregon. Res. Paper PSW-RP-210. Berkeley, CA: Pa- 
cific Southwest Research Station, Forest Service, U.S. Department of 
Agriculture; 8 p. 

Gordon, Donald T. 1980. Red fir. In: Eyre, F. H., ed. Forest cover types of the 
United States and Canada. Washington, DC: Society of American Forest- 
ers; 87-88. 

Hallin, William E. 1957. Silvical characteristics of California red fir and 
Shasta red fir. Tech. Paper 16. Berkeley, CA: California Forest and Range 
Experiment Station, Forest Service, U.S. Department of Agriculture; 8 p. 

Hawksworth, Frank G. 1977. The 6-class dwarf mistletoe rating system. 
Gen. Tech. Rep. RM-48. Fort Collins, CO: Rocky Mountain Forest and 
Range Experiment Station, Forest Service, U.S. Department of Agricul- 
ture; 7 p. 

Hocking, R. R. 1976. The analysis and selection of variables in linear 
regression. Biometrics 32: 1-49. 

Minitab Inc. 1989. Minitab reference manual release 7. State College, PA: 
Minitab Inc. 

Ryan, Barbara F.; Joiner, Brian L.; Ryan, Thomas A,, Jr. 1985. Minitab 
handbook. 2nd ed. Boston: Duxbury Press; 379 p. 

Stage, A. R. 1973. Prognosis model for stand development. Res. Paper INT- 
137. Ogden, UT: Intermountain Forest and Range Experiment Station, 
Forest Service, U.S. Department of Agriculture; 32 p. 

Stage, A. R. 1975. Prediction of height increment for models of forest 
growth. Res. Paper INT-164. Ogden, UT: Intermountain Forest and Range 
Experiment Station, Forest Service, U.S. Department of Agriculture; 20 p. 

Wykoff, William R.; Crookston, Nicholas L.; Stage, Albert R. 1982. User's 
guide to the stand prognosis model. Gen. Tech. Rep. INT-133. Ogden, 
UT: Intermountain Forest and Range Experiment Station, Forest Service, 
U.S. Department of Agriculture; 112 p. 

'Data on file at Pacific Southwest Research Station, 2400 Washington 
Avenue, Redding, CA 96001. 

USDA Forest Service Res. Paper PSW-RP-214. 1992. 



The Forest Service, U.S. Department of Agriculture, is responsible for Federal leadership in forestry. 
It carries out this role through four main activities: 

0 Protection and management of resources on 191 million acres of National Forest System lands 
0 Cooperation with State and local governments, forest industries, and private landowners to help 

protect and manage non-Federal forest and associated range and watershed lands 
Participation with other agencies in human resource and community assistance programs to 
improve living conditions in rural areas 

0 Research on all aspects of forestry, rangeland management, and forest resources utilization. 
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Agriculture. Discrimination in any form is strictly against agency 
policy, and should be reported to the Secretary of Agriculture, 
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