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Abstract-Three older, anamorphic eastern white pine (Pinus  sfrobus  L.) site index models
developed in the southern Appalachian Mountains between 1932 and 1962 were evaluated
for accuracy and compared with a newer, polymorphic model developed in 1971. Accura-
cies of the older models were tested with data used in development of the 1971 model, in
which actual site index had been determined by stem analysis. The 1971 model could not be
evaluated for accuracy because independent data were unavailable. Evaluation statistics
included prediction accuracy, bias, variance, mean square error, and tolerance interval. For
one of the older models, prediction accuracy within 5 percent of observed site index was
100 percent, and other statistics compared favorably. Based on the premise that a polymor-
phic model best describes growth of eastern white pine over a range of site qualities, the
site index model developed in 1932 performed surprisingly well.

INTRODUCTION
Eastern white pine (Pinus  strobus L.) has long been
recognized as one of the most valuable timber species in
the southern Appalachian Mountains. This conifer is widely
managed in natural and planted stands because of its
desirable growth and yield characteristics, as well as the
high value of its products. Site index (SI) -the average total
height of the dominant and codominant trees of a stand at
a specific standard age (Chapman and Myer 1949)-
typically is used to measure the relative productivity of this
spec ies  (Beck  1971) .  S i te  index  re la t ionsh ips  have been
deve loped us ing  var ious  techn iques ,  in i t ia l l y  based on
pure ly  g raph ica l  methods  and more  recent ly  based en t i re ly
on  mathemat ica l  techn iques  (Chapman and Myer  1949) .  A l l
types of SI relationships will be referred to as models in
th is  paper .

Barrett first developed an SI model for eastern white pine
(here inaf ter  wh i te  p ine)  in  the  southern  Appa lach ian
Mounta ins  in  1932.  Other  models  were  deve loped as
methods  changed fo r  quant i f y ing  the  re la t ionsh ips  tha t
describe tree height increment over time. Five models
based on data  f rom the southern  Appa lach ian Mounta ins
are now available for white pine. The most recent model
w a s  deve loped by  Beck  (1971) .

Po ten t ia l  p rob lems assoc ia ted  w i th  deve lop ing  S I  mode ls
are well known (Beck 1971, Beck and Trousdell 1973).
Most problems are related to the inclusion of data from
unrepresen ta t i ve  s tands  and  inadequate  methods  o f  da ta
analysis (Beck 1971). Each new SI study undoubtedly has
reflected investigator intent to overcome perceived
prob lems w i th  ear l ie r  mode ls .  There fo re ,  a  log ica l  ques t ion
might be: “Have white pine SI models evolved from less
accuracy to greater accuracy over the past 70 years?” None
of  the  sou thern  Appa lach ian  mode ls  has  been tes ted  fo r
accuracy. This paper evaluates the accuracy of white pine
SI  mode ls  deve loped in  the  southern  Appa lach ians .

METHODS

Site index Models
I examined the performance of four SI models that use a
standard age of 50 years:

1. Barrett (1932) developed the first set of Sl  curves from
“...measurements  of 376 dominant and codominant trees
growing in mixture with hardwoods...” He did not state his
method for development of these curves, but likely based it
on the guide-curve technique, where the age and height of
ind iv idua l  t rees throughout  a  reg ion are  measured,  and
one must assume that the population of site indices has
been sampled  adequate ly  ac ross  a l l  s tand  ages .  The
resulting SI model is derived from a single guide-curve that
descr ibes  the  average he igh t  inc rement  re la t ionsh ip  fo r  the
total set of sampled stands (Chapman and Meyer 1949).
Site index models of this type are termed anamorphic
because  one  curve  shape descr ibes  the  he igh t -g rowth
relationship over the entire range of site qualities sampled.

2 .  Doo l i t t l e  and  V immers ted t  (1960)  supp lemented
Barrett’s data with additional observations from 105 plots in
natural stands of pure white pine and mixed species
compos i t ion  in  nor thern  Georg ia  and  wes te rn  Nor th
Carolina. They, too, used the guide-curve method. However,
recognizing that the rate of height growth varied with site
quality, they attempted to correct for that effect using a
mathemat ica l  techn ique  based on  the  coe f f i c ien t  o f
var ia t ion  (Chapman and Meyer  1949) .

3 .  V immers ted t  (1959,  1962)  sampled  78  p lan ted  s tands  in
Nor th  Caro l ina ,  Tennessee,  and Georg ia  and es tab l i shed
111 plots for preparation of an SI model. Using linear
regression, they developed an equation for predicting tree
height at 25 years as a function of height and age, but they
did not present statistics describing fit of the model.
V immers ted t  (1962)  p resen ted  a  convers ion  fac to r  fo r
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Figure l-Comparison of eastern white pine site index curves
developed in the southern Appalachian Mountains for site index 90
feet.

changing SI at a standard age of 25 to a standard age of 50
yea rs .

4. Beck (1971) sampled 43’ even-aged stands of naturally
es tab l i shed wh i te  p ine  in  wes tern  Nor th  Caro l ina ,  nor thern
Georg ia ,  eas tern  Tennessee,  and southwestern  V i rg in ia .
He  used  s tem-ana lys i s  methods  to  de te rm ine  the  to ta l
height of each sample tree at successive ages, up to and
inc lud ing  50  years ,  wh ich  prov ided a  d i rec t  measurement
of observed SI for that site. He used a non-linear sigmoid
function to derive a set of polymorphic curves whose shape
varied in relation to site quality.

Summarized in table 1 are characteristics and ranges of
total stand ages and site indices over which each of the
four SI relationships can be applied. Predicted stand height
over age for each of the models is presented in figure 1 for
a SI of 90.

Independent Data Set
I used field data collected by Beck (1971) as an
independent data set for evaluating each of the Sl  models.
The SI of Becks  (1971) 43 stands averaged 92.7 feet
(range 69 - 122),  ages averaged 52.5 years (43 - 71),  and
total heights averaged 95.1 feet (70 - 119). About a quarter

‘Beck (1971) used only 42 of the 43 stands sampled to develop his
SI  model. The identity of and reason for excluding one stand is
unknown.

of the stands were 48-years-old or less, a quarter were 49 -
51 years, and about half of the stands were 52-years  or
older (table 2). Additional information on field methods is
described by Beck (1971). A deficiency of this independent
data set is that it is not a random sample of the population
of all site indices, but Beck (1971) selected it to represent
cer ta in  cond i t ions  necessary  fo r  deve lopment  o f  h is  mode l
(Beck  and Trousde l l  1973) .

I used each of the four models to predict SI of the 43
stands. I predicted SI to the nearest foot by reading directly
f rom pub l ished age and he igh t  g raphs fo r  the  mode ls
developed by Barrett (1932),  and Doolittle and Vimmerstedt
(1960). I obtained predicted SI by solving equations
presented  by  V immers ted t  (1962)  and Beck  (1971) .
However ,  because independent  da ta  were  used in
development of Beck’s SI model, this data set cannot be
used to validate his model. Performance results for the
mode l  deve loped  by  Beck  (1971)  a re  p resen ted  as  a
s tandard  fo r  compar i son  w i th  the  o the r  mode ls .  The  mos t
recently developed SI model (Beck 1971) is referred to as
the standard model: the other three are, collectively, the old
mode ls .

Model Performance Criteria
SI mode l  per fo rmance i s  assoc ia ted  w i th  and  imp l ies  an
unspec i f i ed  accuracy  o f  p red ic t i on .  Accuracy  i s  measured
in terms of: bias and precision. Bias of a model is the
average d i f fe rence be tween pred ic ted  and the  observed
values. Precision is a measure of the scatter of predicted SI
values around their mean value. Thus, an SI model may be
charac ter ized as :  (1 )  unb iased and prec ise ,  (2 )  unb iased
but imprecise, (3) biased but precise, or (4) biased and
imprecise. An accurate model should have attributes of
be ing  bo th  unb iased  and  p rec i se .  I n  some ins tances  a
mode l  cou ld  have vary ing  degrees  o f  b ias  o r  imprec is ion
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Figure 2--Residuals  (predicted - observed) of eastern white pine
site index resulting from application of a model used as a standard
of comparison (A: Beck 1971) and three models evaluated for
accuracy with an independent data set (B: Barrett, 1932; C:
Vimmerstedt 1962; D: Doolittle and Vimmerstedt 1960).
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Table l--Site index models for eastern white pine developed in the southern Appalachian
Mountains

Model Stand Model
s o u r c e type format

Barre t t  (1932) Natura l Graph
Beck (1971) Natura l Equat ion
Doolittle and Vimmerstedt (1960) Natural Graph
Vimmers ted t  (1959) Planted Equat ion
V immers ted t  (1962) Planted Equat ion

Standard
age
Ws)
5 0
5 0
5 0
2 5
5 0

Model ranges of
54

Py ls”, (St;
2 0 - 1 2 0 50-l  30

5- 70 6 0 - 1 3 0
2 0 - 1 0 0 5 0 - 1 3 0
lo-  35 40-  80
lo-  59 57-115

and still have acceptable accuracy. Each condition presents
a different set of implications associated with model
accuracy.

I  eva lua ted  the  per fo rmance o f  each mode l  us ing  a  number
of statistics associated with accuracy. Because I was
in teres ted  in  learn ing  the  d i f fe rence between observed and
predicted SI values, I first determined the residual of each
observa t ion  (s tand) :

Residual = (Y, - Y,)

where Y, is the predicted SI for a stand, and Y, is the
observed SI value for the same stand. For many statistical
compar isons ,  the  s tandard  method  o f  ca lcu la t ing  res idua ls
is (Y,*- Y,). However, I and others (Wiant 1993, Rauscher
and o thers  2000)  have used the  reverse  fo rmula t ion
because it provides results that are more easily
comprehended:  mode l  overpred ic t ions  are  pos i t i ve  e r ro rs
and underpred ic t ions  are  negat ive  er rors .

Bias is the mean of the residuals for all stands:

Bias = C (Residual,)/n

where n is the number of sampled stands (here, 43).

The scatter of the residuals around the mean of observed
SI for a model is a measure of its precision, which is
quantified by the variance:

Variance= C (Y-Y,)%-1

where r is the mean of all observed SI.

The bias and variance can be combined into single
statistic, the mean square error:

MSE = bias’ + variance

which provides a measure of the model accuracy and is an
indication of the model that performs best overall for
estimation of SI. A disadvantage of MSE is that it cannot be
used  to  compare  re la t i ve  per fo rmance  o f  mode ls  f rom
other studies because it is dependent on the number of
observa t ions .

Two other statistics were used to overcome the limitations
of MSE and provide a more easily understood measure of
future prediction errors: prediction accuracy and tolerance
in te rva l .  Rauscher  and o thers  (2000)  used pred ic t ion
accuracy (PA) to provide a measure of the proportion of
predictions that occurred within a specified distance of the
observed value. I used a PA value of 25  percent (e.g. PA-5),
which is about equivalent to estimates within one SI class

Table P-Number of stands by total age and observed site index classes in the independent
data set sampled by Beck (1971)

Age” Site index (ft)
(yrs) 7 0 7 5 8 0 8 5 9 0 9 5 100 105 110 115 120 To ta l

4 5 1 1 I 1 1 1 6
5 0 1 1 3 3 4 1 3 2 2 1 2 1
5 5 2 1 I 3 1 1 9
6 0 2 1 3
6 5 1 1 1 3
7 0 1 1

Total 2 3 5 5 8 5 5 3 4 1 2 4 3

“Midpoints of age and site index classes (e.g., 45 =  43 through 47, 70 =  68  through 72).
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Table 3-Error analysis statistics for three site index models developed for eastern
white pine in the southern Appalachian Mountains compared to a model developed by
Beck (1971) that was used as a standard of comparison

Category of site  Index  model Statistic
and source  o f  mode l PA-5” B i a s Var iance MSEb TIC

(pet) (ft) 0) (W WI
Sate  Index  models tested
Barre t t  (1932) 1 0 0 0.17 1.56 1.59 3.03
Doo l i t t le  and  V immers ted t (1960) 9 3 0.14 5.86 5.89 5.86
V immers ted t  (I  962) 7 7 1.14 12.22 13.53 8.47

Beck (1971) 1 0 0 -1.47d 0.13 2.30 0.89

“Precision accuracy = Percent of predicted site index values within 5 pet  of actual.
%Aean  square error = Bias*  + variance.
“Tolerance interval = Bias it limits of SI  that will include 95 pet  of future errors 95 pet  of the time.
%ignificantly  different from zero at the 0.05 level of probability.

of 10 feet. Reynolds (1984) suggested calculation of
tolerance interval as a means of determining the limits
within which most errors will occur in an SI model. The
tolerance interval is equal to the mean bias plus or minus
the limits of predicted SI that will include 95 percent of
future errors at a 0.95 level of probability. I calculated all
statistics (except PA-5) using the computer program
DOSATEST,  wh ich  was  deve loped by  Rauscher  (1986)  and
refined by Wiant (1993). DOSATEST calculates a trimmed
mean and jackkn i fe  s tandard  dev ia t ion  fo r  appropr ia te
tolerance intervals if errors are not normally distributed
(Wiant 1993). Accuracy testing using these five statistics
(bias, precision, MSE, prediction accuracy, and tolerance
interval) and the DOSATEST software has been reported by
Wiant  (1993)  and Rauscher  and o thers  (2000) .

RESULTS AND DISCUSSION
The PA-5 statistic was highest (100 percent) for two
models, Barrett (1932) and the standard (table 3),
indicating that all predicted values of SI were within 5
percent of observed. Only 77 percent of stand SI values
pred ic ted  by  the  V immers ted t  (1962)  mode l  were  w i th in
these limits. The pattern of residuals of predicted and
observed SI differed for each model (figure 2).

None of the three old SI equations was significantly biased
(table 3). However, the equation developed by Beck (1971)
exhibited a bias of -1.47 feet (see panel A in figure 2)
which was significantly different from zero at the 0.05 level
of probability. For example, on a plot with tree height 90 feet
at 50 years, the standard model predicts SI as about 88.5
feet. The observed bias results from the model not being
constrained, or adjusted, to pass through a value of SI
equal to stand height at 50 years standard age (Personal
commun ica t ion  T.Lloyd,  Research  Fo res te r ,  USDA Fores t
Service, 1577 Brevard Road, Asheville, NC 28806),  as is
generally customary in most SI models. Constraining the
model was not addressed by Beck (1971) but likely was
not done in order to provide a model of greater overall
accuracy. In contrast, Trousdell and others (1974) used a
similar model formulation to develop SI curves for loblloly
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pine (Pinus  taeda L.) and adjusted the curves to pass
through the indicated SI at age 50.

The tolerance interval was least for the standard model,
which suggests a high degree of accuracy that is
associated with small errors of prediction. Among the old
models, tolerance interval was smallest (3.03 feet) for
Barrett’s (1932) and greatest (8.47 feet) for Vimmerstedt’s
(1962). For Barrett‘s model, which has a bias of zero (i.e.
mean bias was 0.17, which was not significantly different
from zero), the tolerance interval may be interpreted to
indicate a 95 percent confidence that at least 95 percent of
the population of future errors will occur within an interval of
about -c3  feet of actual SI.

Mean square error, which combines the effects of bias and
variance, was least for Barrett’s model. The relatively large
bias of the standard model (-1.47 feet) contributed to its
large MSE. In many situations, however, a model with a
large bias and small variance (e.g., Beck 1971) is
preferable to a model with a small bias and large variance
(e.g., Barrett, i932). This is because prediction errors
associated with bias can be easily corrected, but
account ing  fo r  e r ro r  a r i s ing  f rom imprec is ion  i s
p rob lemat i c .

An explanation for the relatively poor performance of the
Vimmerstedt (1962) model is likely due to several causes.
First, unlike the other SI models evaluated, this one was
developed in planted stands of white pine but tested using
data from natural stands. Effects of stand establishment-
method  and  spec ies  compos i t ion  on  SI re la t ionsh ips  fo r
wh i te  p ine are  not  we l l  known,  a l though p lanted seed l ings
typically exhibit greater height growth than natural
seed l ings  un t i l  about  5  years  (Persona l  communica t ion ,
Brian flitter, Forestry Supervisor, Biltmore Estate, One North
Pack Square, Asheville, NC 28801). Second, over 80
percent of sample trees used in development of the
Vimmerstedt model were less than 25 years of age, which
tended to weight the curves away from height patterns at a
s tandard  age  50  years .  Las t ,  V immers ted t  (1962)



presented without explanation a single factor for converting
SI at base age 25 to base age 50. Application of the single
factor suggests that total height at age 50 would be 1.4335
times that measured at age 25 on all sites. It seems likely
that use of a single conversion factor would reduce
accuracy of SI models at higher and lower site qualities. In
compar ison,  Trousde l l  and o thers  (1974)  found tha t  he igh t
of loblolly pine at 50 years ranged from about 1.4 to 1.7
times that at age 25, depending on site quality. The
combination of these and other unknown factors likely
con t r ibu ted  to  reduced per fo rmance o f  the  V immers ted t
(1962)  model .

The tests I conducted were restricted to stand ages 43 - 71
years, which covered only about half the age ranges
applicable for most of the models. Tests of the models at
younger  ages were  not  poss ib le  due to  lack  o f  independent
data. However, performance of the SI models for younger
stand ages may be implied by their performance at the
older ages. Assuming that the standard model offers the
best representation of height for white pine at all ages, the
model  deve loped by  Bar re t t  (1932)  probab ly  wou ld  per form
wel l  i n  younger  s tands .

CONCLUSIONS
This study has shown that accuracy of eastern white pine
SI  mode ls  var ies  in  the  sou thern  Appa lach ian  Mounta ins .
None of the three tested SI models exhibited performance
super io r  to  the  most  recen t l y  deve loped po lymorph ic  mode l
(Beck 1971),  which, however, could not be evaluated
because a satisfactory data set was not available. One of
the  anamorph ic  mode ls  (Bar re t t  1932)  compared favorab ly
to the standard model, and several components of its
accuracy (bias and MSE) were slightly superior to the
standard. The data presented in table 3 are statistics of fit
for Beck’s (1971) model, rather than independent tests of
accuracy.

Results of this study should be useful to researchers for
des ign ing new s tud ies  and in  he lp ing managers  dec ide
which SI model to use. One reason I made this study was
recognition of how little information is in the literature on the
topic of SI validation testing. Site index models are one of
the  mos t  common ly  used  fo rms  o f  p red ic t i on  equa t ions  in
forestry; they typically are developed, presented, and used
wi th  no  accompany ing  eva lua t ion  o f  per fo rmance .  The
DOSATEST program prov ides  an  easy- to -use  too l  fo r
making tests of accuracy. The primary conclusions are that
plantation SI curves seem to differ from natural stands, and
that curves developed at two different times for the same
reg ion  us ing  very  d i f fe ren t  mode l  deve lopmenta l
techn iques  p roduced  very  s im i la r  resu l t s .
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