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THE OAK-HICKORY forest type is by far 
the most extensive hardwood timber type 

in this country. I t  occupies nearly 116 mil- 
lion acres, or about one-quarter of the com- 
mercial forest land in the United States. 
Although this timber type dominates the for- 
est landscape from the Appalachian Moun- 
tains west to the Great Plains, we have little 
information about either the quantitative or 
qualitative growth and yield of thinned upland 
oak stands. 

This seriously handicaps intensive timber 
management because such information is 
necessary for selecting from among various 
thinning alternatives the one practice best 
suited to meet a specific objective. Three 
types of information are needed for select- 
ing the best alternative: (1) the change in 
physical yields resulting from a specific thin- 
ning practice, including quantity, quality, 
and timing of yields; (2) the costs incurred 
in applying the practice; and (3) the values 
of the physical yields when they occur. With 
such estimates the decision-maker can select 

objectively among alternatives, determine the 
relative profitability of each, and assign pri- 
orities for stand treatment. 

The purpose of this paper is to furnish part 
of the needed information, that is, quantita- 
tive estimates of growth and yield 10 years 
after initial thinning of upland oak stands. 
All estimates are computed from a system 
of equations. These predictions are presented 
here in tabular form for convenient visual 
inspection of growth and yield trends. The 
tables show growth and yield in terms of basal 
area, total cubic-foot volume, cordwood vol- 
ume, and board-foot volume over a broad 
range of site, age, and residual stand density 
classes. 

All the equations were developed from a 
set of 154 permanent growth plots where re- 
sponses were observed over 5- to 12-year 
growth periods. Many users with access to 
computers will find the equations more useful 
than tables, especially if interested in specific 
stand conditions not listed in the tables or for 
use in other computer programs. A complete 



discussion of equation development is beyond 
the scope of this paper; however, the basic 
regression equations are given in the Ap- 
pendix. - 

The 154 permanent plots used in develop- 
ing the growth and yield predictions were 
established as part of eight separate growth 
studies, two each in Kentucky, Ohio, Mis- 
souri, and Iowa (fig. 1 and table 1). All eight 
groups of plots were analyzed together be- 
cause the objectives, methods of treatment, 
and plot-selection criteria were essentially 
the m e .  

Species composition varied between series 
from white oak to almost pure black oak 
stands (table 2). Although species composi- 
tion does affect growth and yield, species dif- 
ferences are ignored in this report. Our plot 
data indicated confounding between species 
and location, and between species and site 
quality; so with our sample there was insuf- 
ficient plot data for separating out species 
effect. 

Stand age at time of initial thinning varied 
arnong the growth series from 22 to 90 years, 
which should adequately cover ages where 
intermediate cutting is practiced. Site index 
of plots averaged 69 overall, varying from 55 
to 89; but most plots (83 percent) ranged 
between site indexes 60 and 80. Site index 
was based upon Schnur's (1937) site-index 
curves for upland oak. Our distribution of 

sample plots by site index is typical over a 
large part of the natural range of upland oak. 

All plots were chosen initially as represen- 
tative of fully stocked even-aged upland oak 
stands that showed little evidence of recent 
fire or logging. On some plots a few older and 
larger trees were present, probably as hold- 
overs from the previous stand. Site index and 

Figure I .-Location of the study plots. 

Table 1.-Characteristics of studies used to develop growth and yield 
relations for upland oak 

Initial Range Years of 
Study Plot Date average of Re- groeh principal 

Plots size study stand site measure- used $ species 
No. Location started age index ments com~utlng 

average 

No. Acres Years No. Years 
1 Kentucky 16 0.5 1961 33 62-77 7 7 White oak 
2 Kentucky 16 1.0 1959 80 60-68 7 7 White oak 
3 Ohio 16 .5 1961 31 67-80 7 7 Mixed oak 
4 Ohio 16 .5 1962 60 60-7 1 6 6 White oak 
5 Missouri 30 .5 1962 22 61-89 1 5 Blackoak 
6 Missouri 30 .5 1961 40 60-84 1 6 Black oak 
7 Iowa 20 .2 1949 25 55-66 5 212 White oak 
8 Iowa 20 1.0 1953 90 60-69 6 9 Whiteoak 

1Nine additional plots cut to lower density levels were eliminated from analysis because all understory 
stems were cut. 

*This series received a second thinning in 1961, but response to only the first thinning is included. 



Table 2.-Basal area and number of frees for each sfudy af beginning and ending of growfh period, 
by species groups1 

[In percent] 

Group 1 Group 2 Group 3 Group 4 Group 5 

'N"? Date No. Basal No. Basal No. Basal No. Basal No. Basal 
trees area trees area trees area trees area trees area 

- - - 

lGroup 1: White oak, chestnut oak. 
Group 2: Black oak, scarlet oak, northern red oak. 
Group 3: Black walnut, yellow-poplar, ash, basswood, sycamore, black cherry, shortleaf pine, hemlock. 
Group 4: Hickory, black gum, red maple, sugar maple, post oak, blackjack oak, red elm, beech, black 

locust, shingle oak, hackberry. 
Group 5: Dogwood, serviceberry, sourwood, ironwood, sassafras, holly, redbud, hawthorn, burr oak, 

mulberry, miscellaneous shrubs. 

age varied little both within and between to leave a suitable number of the best stems 
plots for a given series. Detailed measure- as evenly spaced as possible over the plot. In 
ments on no fewer than 10 sample trees per general, we cut the larger cull and defective 
plot provided age, site, and height data at the trees first, then competing trees of poor fm 
time of plot installation. These sample trees, and quality, then intermediate and suppressed 
mostly dominant or codominant, were selected trees of lower quality and value, and finally, 
for their high potential as final crop trees and if necessary, the lower value species of the 
for their spatial distribution. main crown class. High-quality desirable 

Similar marking rules were used for each 
series to create four or more stand-density 
levels. Cutting varied from very light or none 
to removing 70 or 80 percent of the original 
basal area, except for the older study in Iowa, 
where the heaviest cutting removed only 
about 30 percent of the basal area, After 
this initial cutting, plots ranged in basal area 
from a low of 20 to 30 square feet per acre up 
to between 75 and 110 square feet. 

The thinning method we used resembled 
a selection thinning as defined by the Society 
of American Foresters (1950) .  However, our 
thinning procedure is more accurately de- 
scribed (Braathe 1957) as "free thinning," in 
which the marker is free to remove t r ea  
through all crown classes. Our objectivk was 

species were cut also if necessary to achieve 
a uniform spatial distribution. 

The number of years of growth data varied 
among different series of plots from 5 years 
to 12 years (table 1). Plot size also varied 
by series from 1/5 to 1 acre in size. In our 
analysis these differences were disregarded, 
and all plots received equal weight in the 
regression analyses. The Ohio State Univer- 
sity/Econ step-wise regression program was 
used for all regression equations. 

Averages were used for some independent 
variables such as basal area, age, number of 
trees, and plot volumes, rather than the 



initial or final plot values. These average Y, = natural logarithm of total cubic- 
values are preferable when calculus methods foot volume per acre for dl trees 2.6 
are used. To determine average basal area, 
as an example, the initial and most recent 
measurements were used to compute basal 
area by equation from the individual tree 
diameters for all trees greater than 2.6 inches 
d.b.h., summed over all trees on a plot, and 
expanded to a per-acre basis. Then the initial 
and most recent basal areas per acre were 
averaged to provide the average basal area 
per acre over the growth interval. Net annual 
growth in basal area and volume, expressed 
as the average per acre per year, was obtained 
as the difference between the final and initial 
per-acre values divided by the number of 
years in the growth period, 

Average cubic and board-foot volumes were 
computed in the same manner as basal area; 
however, the tree-volume equations required 
both total tree height and tree diameter as 
independent variables. Therefore total tree 
height was estimated by regression, using 
sample tree data; and this estimate of height 
was substituted into the volume equations. 
Two different tree-height equations were 
used; one for the white oak group and one 
for the red oak group. All volume estimates 
were for gross content, and no allowances 
were made for defect. 

The summarized plot data were used to fit 
several recently published growth and yield 
models as well as some model forms we 
hypothesized. In  these models we tried vari- 
ous transformations and combinations of inde- 
pendent variables such as stand age, basal 
area, number of trees, site quality, and 
average stand diameter. 

The models we selected for basal-area 
growth and total cubic-foot volume are, 
respectively: 

Y, = - BA-.$ LnB + 3.68521BA - s T 5  

$- ,011383BSA [I] 

inches or larger in d.b.h. 
B = basal area in square feet per acre of 

all living trees 2.6 inches or larger 
in d.b.h. 

S = site index in feet 
A = average stand age in years. 

These equations provide a statistically 
close fit of the data; they are simpler in form 
than some proposed; and the growth trends 
in relation to age, site, and basal area agree 
well with biological assumptions. Plotting 
residuals (actual minus predicted values) over 
age, site, and basal area produced no evidence 
of nonconformity of these models over most 
of the range of a l l  variables. Statistical infor- 
mation for these equations is given in table 11 
(appendix). 

Merchantable cubic-f oot and board-£ oot 
volume estimates were obtained by multiply- 
ing the total cubic-foot volume by the ratio of 
merchantable cubic-foot or board-foot volume 
to total cubic-foot volume. Cordwood volume 
was estimated by dividing the merchantable 
cubic-foot volume by 80. Both the merchant- 
able cubic-foot and board-foot ratios increase 
with the average stand diameter. These rela- 
tionships, described by equations 4 and 5 
(table 11, appendix), were developed by 
regressing the volume ratio data on average 
stand diameter for the 154 study plots. The 
calculated volume ratios using equations 4 
and 5 are shown in table 12 (appendix), by 
1-inch d.b.h. classes. The volume ratios change 
most rapidly when stand diameter is near the 
threshold diameter (4.6 inches for cordwood 
and 8.6 inches for board-foot volume). Both 
volume ratios gradually approach constant 
values as stand diameter increases. 

I t  is not feasible to give volume estimates 
here for all combinations of age, site, and 
basal area over a range of different average 
stand diameters. So, in the tables presented 
here, we used a regression equation to deter- 
mine average st&d diameter as a function 

Y2 = 3*09094 + .009302s + 1*03909LnB of site and age (equation 3, table 11, appen- 
- 20.11035A 'l r2] dix). Then this average stand diameter was 

adjusted for each site and age class to 
where: reflect changes in average stand diameter 

due to intensity of cutting. These adjusted 
Y, = net annual basal area growth per average stand diameters are given in table 

acre in square feet for all trees 2.6 13 (appendix), by site, age, and residual basal 
inches or larger in d.b.h. area after the initial thinning, They were 



substituted into equations 4 and 5 to com- 
pute the volume ratios, hence these assumed 
average stand diameters affect the cordwcmd 
and board-foot volume estimates presented 
here. When stand diameters are different than 
those shown in table 13 the estimates of 
cordwood and board-foot volume will be 
different. 

A Fortran IV computer program is avail- 
able, upon request? that will provide these 
growth and yield estimates up to 30 years 
after initial thinning for any desired com- 
bination of age, site, basal area, and average 
stand diameter. The only program input vari- 
ables required are initial stand age, basal area, 
number of trees above 2.6 inches d.b.h., and 
site index. This program includes ingrowth 
and mortality functions that are used to 
adjust the number of trees annually. 

Growth and yield predictions are given for 
thinned upland oak stands in tables 3 through 
10. Estimates are given by age, basal area, 
and site class, all in increments of 10 units; 
from age 20 to 110 years, from 20 to 130 
square feet of basal area; and from site index 
55 to 85. All values were generated by the 
Fortran IV computer program, which incor- 
porated the equations listed in table 11 
(appendix), along with ingrowth and mortal- 
ity functions. 

Table 3 gives the current annual net basal- 
area growth per acre for specified ages and 
residual basal areas for each site class. These 
growth estimates are the solutions one would 
get by substituting into equation 1 the speci- 
fied ages, sites, and basal areas. For example, 
a stand on site 65 with a residual basal area 
of 50 square feet a t  age 30 will on the aver- 
age grow 2.54 square feet between age 30 
and 31. A year later, age and basal area will 
have changed, and so will our estimate of 
growth. 

The 10-year estimates of net basal-area 
growth in table 4 were obtained by repeatedly 
solving equation 1, each time updating age 
and basal area, and summing the 10 annual 
growth estimates. The stand from the pre- 
vious example with 50 square feet of basal 
area a t  age 30 on site 65 would increase in 
basal area by 21.46 square feet over 10 years, 
or at age 40 this stand would reach 71.46 
square feet of basal area. 

Estimates of total cubic-foot volume, 
including bark, stump, and tip of all trees 
2.6 inches d.b.h. or larger, are given in table 5. 
These volume estimates were obtained by 
solving equation 2 for each combination of 
age, site, and basal area. Total cubic-foot 
volume growth for 10 years (table 6) was 
obtained as the difference between the initial 
volume estimate (using the initial age and 
basal area) and the volume 10 years later, 
(using an updated age and basal area). 

For the previous stand conditions, the total 
cubic-foot volume a t  age 30 would be 1,200 
cubic feet (table 5). In 10 years, a t  age 40, 
the stand would reach 71.46 square feet of 
basal area; so equation 2 for these stand con- 
ditions would predict a stand total volume of 
2,057 cubic feet. The difference between the 
final and initial volumes (2,057 minus 1,200) 
is the net volume growth for 10 years, or 857 
cubic feet as shown in table 6. 

The cordwsod volume shown in table 7 is 
the merchantable volume in cubic feet divided 
by 80. Merchantable cubic-foot volume per- 
tains to the gross content of all trees 4.6 
inches d.b.h. or larger, excluding the bark, 
stump, and branches to a 4-inch top d.i.b. 
Merchantable cubic-foot volume is not shown, 
but was calculated by multiplying the total 
cubic-foot volume by the ratio of rnerchant- 
able to total volume. This ratio is related 
to average stand diarneter (equation 4, table 
11, appendix) and was computed for each 
average stand diameter given in table 13 
(appendix). 

An illustration using the previous stand 
conditions should clarify the procedure. The 
average stand diameter for age 30 on site 65 
with 50 square feet of basal area is 5.2 inches 
d.b.h. (table 13, appendix). Using 5.2 inches 
as the average stand diameter and applying 
equation 4 (appendix), we predict a mer- 
chantable to total volume ratio of 0.540. 
Multiplying this ratio by the total cubic- 
foot volume (0.540 x 1,200) gives 648 mer- 
chantable cubic feet, and dividing by 80 gives 
8.1 cords, as shown in table 7. Growth in 
cords over the next 10-year period is given in 
table 8 by initial age and initial basal area. 
Net growth in cords is the difference between 
the volume 10 years hence and the initial vol- 
ume in cords. 

The merchantable to total cubic-f m t  ratio 

Continued on page 14 



Basal 
area 

Table 3.--Current annual basal-area increment per acre for given a g e  and basal a r e a  

[In square feet] 

Average stand age - years 

20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55 
2.88 2.16 1.76 1.51 1.32 1.19 1.08 1.00 0.93 0.87 
3.21 2.44 2.01 1.73 1.53 1.38 1.26 1.16 1.08 1.02 
3.23 2.49 2.07 1.80 1.60 1.45 1.33 1.23 1.15 1.09 
3.03 2.38 2.01 1.76 1.58 1.44 1.33 1.24 1.16 1.10 
2.63 2.14 1.84 1.63 1.48 1.36 1.27 1.19 1.12 1.06 
2.09 1.78 1.58 1.43 1.32 1.23 1.15 1.09 1.04 .99 - 1.34 1.25 1.17 1.10 1.05 1.00 .95 -92 
- - .88 

.85 -85 -84 .82 .80 .78 
- 

.76 - .74 - - -54 
- 

.56 .58 .58 .58 - .58 - - - - .32 .35 .38 .40 - - - - - - - - - .19 

SITE INDEX 65 
2.98 2.22 1.81 1.54 1.36 1.21 1-10 1.02 0.94 0.88 
3.36 2.53 2.08 1.78 1.57 1.42 1.29 1.19 1.11 1.04 
3.43 2.62 2.17 1.87 1.66 1.50 1.38 1.27 1.19 1.12 
3.27 2.54 2.13 1.85 1.66 1.51 1.39 1.29 1.21 1.14 
2.93 2.33 1.98 1.75 1.57 1.44 1.34 1.25 1.17 1.11 
2.43 2.01 1.75 1.56 1.43 1.32 1.23 1.16 1.10 1.05 

1.59 1.44 1.32 1.23 1.15 1.09 1.03 .99 .95 - - 1.06 1.02 .98 .94 .91 .87 .84 .82 - - .68 .69 .70 .69 .68 .67 .66 
- - - - - .41 .45 .47 .48 .49 
- - - - - - - .22 ,26 .29 
- - - - - - - - .07 

SITE INDEX 75 
3.07 2.29 1.86 1.58 1.39 1.24 1.13 1.04 0.96 0.90 
3.50 2.63 2.15 1.84 1.62 1.45 1.33 1.22 1.14 1.06 
3.62 2.75 2.26 1.95 1.72 1.56 1.42 1.32 1.23 1.15 
3.52 2.70 2.25 1.95 1.73 1.57 1.44 1.34 1.25 1.18 
3.22 2.52 2.12 1.86 1.67 1.52 1.40 1.31 1.23 1.16 
2.78 2.23 1.91 1.70 1.54 1.41 1.31 1.23 1.16 1.10 
2.20 1.85 1.63 1.47 1.35 1.26 1.18 1.12 1.06 1.01 
- 1.38 1.28 1.19 1.12 1.06 1.01 - - .97 .93 .89 

.87 -86 .85 .83 .81 .78 .76 
- - - - .74 

- .53 -56 .57 .58 
- - 

.58 -58 
- - - 

- - - 
.31 .34 .37 

- .38 
- - - - .14 .17 

SITE INDEX 85 
3.17 2.35 1.90 1.62 1.42 1.27 1.15 1.06 0.98 0.91 
3.65 2.73 2.22 1.89 1.67 1.49 1.36 1.25 1.16 1.09 
3.82 2.88 2.36 2.02 1.79 1.61 1.47 1.36 1.26 1.18 
3.76 2.86 2.36 2.04 1.81 1.64 1.50 1.39 1.30 1.22 
3.52 2.71 2.26 1.97 1.76 1.60 1.47 1.37 1.28 1.21 
3.12 2.46 2.08 1.83 1.64 1.50 1.39 1.30 1.23 1.16 
2.59 2.10 1.82 1.62 1.48 1.36 1.27 1.20 1.13 1.08 - 1.67 1.49 1.36 1.26 1.18 1.11 1.06 1.01 .96 
- - 1.10 1.05 1.00 .96 -92 -89 

t - - - .85 .83 
.70 .71 .70 .70 .69 

- - - - - .68 .67 
.42 - .45 .46 - - - - .48 
- - -48 

.22 .25 ,28 



Table 4.-Net basal-area growth in 70 years, by initial age and basal area 

[In square feet per acre] 

Initial 
basal - 
area 

Initial stand age - years 

SITE INDEX 55 
15.67 13.85 12.46 
16.85 15.08 13.70 
16.81 15.21 13.94 
15.93 14.58 13.48 
14.44 13.38 12.50 
12.46 11.74 11.11 
10.09 9.73 9.38 
7.39 7.41 7.35 
- 4.83 5.08 
- - - 

SITE INDEX 65 
16.16 14.25 12.79 
17.50 15.62 14.16 
17.60 15.87 14.50 
16.86 15.35 14.15 
15.49 14.27 13.27 
13.63 12.73 11.97 
11.37 10.82 10.33 
8.78 8.60 8.39 
5.90 6.11 6.21 
- - 3.81 
- - - 

SITE INDEX 75 
16.85 14.65 13.13 
18.16 16.16 14.62 
18.41 16.54 15.08 
17.80 16.14 14.83 
16.56 15.17 14.04 

7.42 7.41 7.35 
- 4.79 5.03 
- - - 
- - 

SITE INDFX 85 
17.15 15.06 13.47 
18.83 16.71 15.08 
19.22 17.21 15.65 
18.75 16.94 15.51 
17.64 16.07 14.83 
16.02 14.75 13.72 
13.99 13.04 12.26 
11.62 11.02 10.50 
8.95 8.73 8.49 
6.03 6.19 6.26 
- - 3.83 
- - - 



Table 5.-Total cubic-foot volume of all frees over 2.5 inches d.b.h., by age and basal area 

[In cubic feet] 

Basal - 
Average stand age - years 

area 20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55 
552 590 619 
841 899 943 

1,134 1,213 1,272 
1,430 1,529 1,604 
1,728 1,848 1,938 
2,028 2,169 2,275 
2,330 2,492 2,614 
2,633 2,816 2,954 
- 3,142 3,296 

SITE INDEX 65 
606 648 679 
923 987 1,035 

1,244 1,331 1,396 
1,569 1,678 1,760 
1,896 2,028 2,127 
2,226 2,380 2,497 
2,557 2,734 2,869 
2,890 3,091 3,242 
3,225 3,448 3,617 
- - 3,994 

SITE INDEX 75 
665 711 746 

1,013 1,083 1,136 
1,366 1,460 1,532 
1,722 1,842 1,932 
2,081 2,226 2,335 
2,443 2,612 2,740 
2,806 3,001 3,148 
3,172 3,392 3,558 
3,539 3,784 3,970 
- 4,178 4,383 

SITE INDEX 85 
729 780 818 

1,112 1,189 1,247 
1,499 1,603 1,681 
1,890 2,021 2,120 
2,284 2,443 2,562 
2,681 2,867 3,008 
3,080 3,294 3,455 
3,481 3,722 3,905 
3,884 4,153 4,357 
4,288 4,585 4,810 
- - 5,266 
- - - 



Table 6.-Net cubic-volume growth per acre in 10 years, by initial age and basal area 

[In cubic feet per acre] 

Initial Initial stand age - years 
basal 
area 20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55 
525 479 442 
588 541 502 
612 565 527 
608 563 527 
584 542 508 
543 504 473 
489 453 426 
423 391 
- 

368 
320 301 

- - - 

SITE INDEX 
593 540 
668 613 
699 645 
700 647 
678 627 
638 590 
582 538 
514 474 
435 399 
- - 
- - 

SITE INDEX 
669 609 
758 695 
799 735 
805 742 
786 725 
746 689 
690 636 
620 570 
537 492 - 403 

SITE INDEX 85 
755 686 630 
860 787 726 
911 836 775 
924 850 790 
908 837 779 
870 802 747 
814 749 698 
742 681 635 
656 599 558 
559 507 
- - 

471 
373 



Table 7.-Total cordwood volume per acre of all trees over 4.5 inches d.b.h., by age and bawl area 

[In cords per acre] 

Basal - 
Average stand age - years 

area 20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55 
4.9 5.4 5.7 
7.4 8.2 8.7 
9.9 11.0 11.7 

12.4 13.8 14.7 
14.8 16.6 17.7 
17.0 19.4 20.7 
19.2 22.1 23.8 
21.3 24.7 26.8 
- 27.4 29.8 
- - - 

SITE INDEX 65 
5.5 5.9 6.2 
8.4 9.1 9.5 

11.3 12.2 12.8 
14.2 15.4 16.2 

SITE INDEX 75 
6.1 6.5 6.8 
9.3 9.9 10.4 

12.5 13.4 14.1 
15.7 16.9 17.7 
19.0 20.4 21.4 

SITE INDEX 85 
6.7 7.2 7.5 

10.2 10.9 11.5 
13.8 14.7 15.4 
17.3 18.6 19.5 
21.0 22.4 23.5 



Table 8.-Nef cordwood growth per acre in 10 years, by initial age and basal area 

[In cords per acre] 

Initial Initial stand age - years 
basal 
area 20 30 40 50 60 70 80 90 lo0 110 

20 
30 
40 
50 
60 
70 
80 
90 

loo 
110 
120 

20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 

20 
30 
40 
50 
60 
70 
80 
90 

loo 
110 
120 
130 

20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 

SITE INDEX 55 
5.0 4.4 4.1 
5.6 5.0 4.6 
5.9 5.3 4.9 
6.0 5.3 4.9 
5.9 5.2 4.7 
5.7 4.9 4.4 
5.4 4.6 4.1 
5.0 4.2 3.6 
- 3.7 3.0 
- - - 
- - - 

SITE INDEX 65 
5.5 5.0 4.6 
6.2 5.6 5.2 
6.6 5.9 5.5 
6.6 6.0 5.6 
6.5 5.8 5.4 
6.3 5.5 5.1 
6.0 5.1 4.7 
5.5 4.6 4.1 
5.0 4.0 3.5 
- - 2.8 
- - 
- - - 

SITE INDEX 75 
6.2 5.6 5.1 
7.0 6.4 5.9 
7.4 6.8 6.3 
7.5 6.8 6.3 
7.3 6.7 6.2 
7.0 6.4 5.9 
6.6 5.9 5.5 
6.1 5.3 4.9 
5.4 4.6 4.2 
- 3.8 3.5 
- - - 
- - - 

SITE INDEX 85 
6.9 6.3 5.8 
7.9 7.2 6.7 
8.4 7.7 7.1 
8.5 7.8 7.3 
8.4 7.7 7.2 
8.1 7.4 6.9 
7.6 6.9 6.4 
7.0 6.3 5.8 
6.2 5.5 5.1 
5.4 4.7 

- 
4.3 

- 3.4 
- - - 



Table 9.-Tok/ board-foot volume per acre of all trees over 8.5 inches d.b.h., by age and basal area 

[In board feet per acre] 

Basal Average stand age - years 

area 20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55 
411 898 1,431 
619 1,335 2,134 
727 1,651 2,708 
770 1,834 3,156 
777 1,936 3,490 
743 1,954 3,646 
690 1,929 3,728 
630 1,858 3,749 
- 1,824 3,808 
- - - 
- - - 

SITE INDEX 65 
888 1,545 2,076 

1,304 2,330 3,164 
1,602 2,929 4,119 
1,772 3,394 4,922 
1,866 3,783 5,669 
1,859 3,976 6,201 
1,836 4,084 6,630 
1,768 4,122 6,914 
1,736 4,167 7,267 
- - 7,538 
- - - 
- - - 

SITE INDEX 75 
1,439 2,172 2,562 
2,192 3,260 3,891 
2,716 4,256 5,171 
3,160 5,093 6,378 
3,447 5,818 7,534 
3,563 6,318 8,532 
3,648 6,770 9,402 
3,643 7,073 10,137 
3,680 7,345 10,920 
- 7,637 11,640 
- - - 
- - - 

SITE INDEX 85 
2,072 2,650 2,898 
3,075 4,003 4,409 
3,975 5,333 5,928 
4,710 6,537 7,423 
5,280 7,628 8,916 
5,693 8,590 10,287 
5,968 9,418 11,623 
6,169 10,171 12,847 
6,354 10,793 14,041 
6,566 11,478 15,219 
- - 16,444 
- - - 



Table 10.-Net board-foot growth per acre in 10 years, by initial age and basal area 

[In board feet per acre) 

Initial Initial stand age - years 
basal 
area 20 30 40 50 60 70 80 90 100 

SITE INDEX 55 
1,458 1,744 1,742 
1,596 1,939 1,955 
1,558 2,028 2,096 
1,442 2,007 2,160 
1,305 1,933 2,169 
1,151 1,822 2,130 
1,006 1,704 2,075 

881 1,581 2,012 
- 1,487 1,962 
- - - 
- - - 

SITE INDEX 65 
2,431 2,320 2,008 
2,796 2,730 2,346 
2,959 3,014 2,612 
2,969 3,193 2,820 
2,896 3,299 2,965 
2,743 3,336 3,092 
2,528 3,323 3,188 
2,244 3,157 3,268 
1,994 2,948 3,183 
- - 3,051 
- - - 
- - - 

SITE INDEX 75 
3,012 2,480 2,072 
3,598 2,966 2,421 
4,012 3,345 2,671 
4,248 3,674 2,876 
4,305 3,914 3,030 
4,196 4,076 3,193 
3,998 4,118 3,315 
3,735 4,093 3,402 
3,459 3,992 3,380 
- 3,832 3,314 
- - - 
- - - 

SITE INDEX 85 
3,178 2,554 2,243 
3,848 3,008 2,596 
4,356 3,319 2,792 
4,743 3,615 2,906 
5,000 3,872 2,944 
5,127 4,089 3,024 
5,133 4,257 3,058 
5,031 4,343 3,102 
4,847 4,379 3,089 
4,608 4,304 3,016 
- - 2,857 
- - - 



changes over the 10-year growth period included in a Ph.D. manuscript, "Growth 
because average stand- diameter increases. and yield functions for thinned upland oak 
The predicted increase in average stand stands," by Martin E. Dale. 
dimeter 10 years after the initial-thinning 
is given in table 14 (appendix), by site, age, 
and the initial residual basal area. Ingrowth 
and mortality, as well as accretion, affect the 
change in average stand diameter, and all 
three elements are incorporated into the pro- 
gram. I n  our example, average stand diam- 
eter would increase from 5.2 to 6.3 inches 
in 10 years, so the merchantable to total 
volume ratio would increase from 0.540 to 
0.666. Multiplying this ratio by the total 
cubic-foot volume a t  age 40 (0.666 x 2,057) 
gives a merchantable volume of 1,370 cubic 
feet. Dividing by 80 gives 17.1 cords a t  age 
40, and subtracting the 8.1 cords estimated 
a t  age 30 gives the 9.0 cords of growth shown 
in table 8. 

Estimates of board-foot yield (table 9)  and 
board-foot growth for 10 years (table 10) 
were computed by using the same procedure 
and the board-foot to total cubic-foot ratios 
given by equation 5 (appendix). 

Many foresters in the central hardwood 
region are using stocking percent based on 
Gingrich's (1 964) tree-area-ratio equation 
rather than basal area to express stand 
density. Our computer program calculates 
both stocking measures, so. table 15 (appen- 
dix) is included here to  aid those interested 
in expressing growth or yield in relation to 
stocking percent. The stocking percent shown 
here by site, age, and residual basal area 
after the initial thinning will vary when aver- 
age stand diameter differs from those assumed 
in table 13 (appendix). 

The predicted growth and yield values £01- 
low expected biological behavior patterns with 
respect to age, site quality, and stand density. 
We used these common variables in our equa- 
tions not only because they are good predic- 
tors of growth and yield, but also because 
they have other utility to silviculturalists and 
managers and are generally available or else 
inexpensive and easy to measure. 

The equations have received some field 
testing and i t  appears that their reliability 
should be acceptable for most uses. A more 
complete discussion of sources of error will be 

The relationships presented here help to 
establish, in general, the biological capabili- 
ties of upland oak stands over a broad range 
of stand and site conditions. This physical 
growth-response data are part of the informa- 
tion necessary for objectively evaluating spe- 
cific thinning practices. 

This system of equations indicates that 
maximum growth in basal area and total 
cubic-foot volume occurs with a low stock- 
ing; usually between 30 and 60 square feet 
of residual basal area regardless of site or 
age. Thus the stand density indicated here 
for maximum growth is somewhat less than 
that in earlier stocking recommendations 
(Dale 1968; Allen and Marquis 1970; and 
Gingrich 1971) ; however, in such recommen- 
dations other factors in addition to growth 
were considered. Initial thinning to such low 
densities is usually not recommended because 
this heavy cutting also tends to increase stem 
taper, reduce height growth, delay natural 
pruning, and perhaps stimulate epicorrnic 
branching of the residual trees. 

If heavy thinning does in fact increase stem 
taper and reduce height growth, then the 
values presented here may result in over- 
estimating volume a t  low stocking, and if 
adjusted, maximum volume growth would 
occur a t  a slightly higher stocking. The 
basal area and volume growth given here also 
includes ingrowth trees; and this ingrowth 
component becomes substantial when thin- 
nings remove 50 percent or more of the orig- 
inal density. With such heavy thinnings, the 
residual crop trees grow rapidly in diameter, 
but there are not enough crop trees t~ fully 
utilize all available space; hence some of the 
growth potential of the site is diverted to the 
smaller understory trees or reproduction. 

In general, we feel that in upland oak 
stands it requires a t  least 50 percent stocking 
-based on Gingrich's (1 964) tree-area ratio 
equationw to fully ocrcupy the area with 
potential crop trees, and to prevent extensive 
development of the understory or advanced 
reproduction. Also, stocking in excess of 50 
percent will reduce the probability of adverse 
effects on stem taper, height growth, branch 
development, and natural pruning. 

Growth in cordwood and board-foot volume 
is substantially more on the better sites, 



although basal-area growth is only slightly 
dected by site quality. Better sites produce 
up to 1.3 cords per acre annually between 20 
and 30 years while poor sites produce only 
about 4/2 cord, Maximum periodic growth 
rates occur when many trees are reaching 
ingrowth size; hence the maximum periodic 
growth rate occurs when mean stand diameter 
is close to the threshold diameter-4.6 
inches for cordwood and 8.6 inches for saw- 
timber. Since this threshold diameter is 
reached a t  a younger age on the better sites, 
the peak in periodic mean annual growth is 
reached sooner on the best sites. This is 
illustrated in table 8, where cordwood growth 
on the best sites is shown to be greatest 
between 20 and 30 years and on poor sites 
it peaks between 30 and 40 years. Board-foot 
growth rates (table 10) are greatest a t  about 
50 years on site 85; but on site 55 the peak 
board-foot growth rate is reached between 70 
and 80 years. 

Although maximum growth in quantity 
seems to occur at rather low stocking levels, 
a variation in basal area of 15 to 20 square 
feet around this point generally has only a 
minor effect on the growth rate. For example, 
on site 65 a t  age 30, growth is 8 to 9 cords 
in 10 years with a residual basal area stock- 
ing anywhere from 30 to 80 square feet (table 

8), and at age 100 we get 4 to 5 cords of 
growth over the same range of basal-area 
stocking, Therefore, with such a small loss 
in quantity of growth and the possibility of 
adverse effects with low stocking, we feel that 
in the initial thinning it is better to leave 10 
to 20 more square feet of residual basal area 
than what is indicated for maximum growth 
rates in the tables. 

Growth and yield equations were developed 
from the response of 154 permanent growth 
plots representing a broad range of age, site, 
and density classes in the upland oak timber 
type. Originally the stands were fully stocked; 
but a range of density levels was created by 
an initial thinning so growth could be studied 
in relation to stocking. The cubic-foot vol- 
ume, cordwood, and board-foot volume yields 
obtained by using these equations are given 
for a wide range of stand age, site quality, and 
basal-area classes. Growth was computed for 
a 10-year period in terms of basal area, cubic- 
feet, cords, and board feet; and these predic- 
tions are given for a broad range of initial age 
and basal-area classes for site indexes 55, 65, 
75, and 85. 
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Table 11.-Regression equations used for growfh and yield esfimates 
- 

Equation 
number Equation form 

Root mean Mean of Coefficient of quare 
dependent determination residual 
variable (R2) 

(%:x) 

(1) Y, = -BA-.8 Ln(B) + 3.68521BA'-75 + .011383BSA-1-05 1.80 0.518 0.733 
(2) Y, = 3.09094 + -009301763 + 1.03909 Ln(B) -20.11035A-I 7.463 -984 .064 
(3) YS = 1.1341 + .0019876AS 7.9 .867 1.147 
(4) Y, = -.052676 + -7876045 exp [-- (1.2987 - .OS117D) 1 0 1  632 -985 -016 
(5) Y, = -.OW14 + 3.63827 exp [-(2.00 - .125D)*] 1.277 .969 235 

where 
YI = net annual basal area increment per acre including ingrowth for all trees 2.6 inches d.b.h. or larger. 
YZ = natural logarithm of total cubic foot volume per acre for all trees 2.6 inches d.b.h. or larger, including 

bark, stump, tip, but no branchwood. 
YS = quadratic mean stand diameter of trees 2.6 inches d.b.h. or larger. 
Y, = ratio of merchantable cubic-foot volume to total cubic-foot volume. Merchantable volume is for all trees 

4.6 inches d.b.h. or larger and the volume excludes stump, bark, branches, and tip above 4.5 inch top 
d.0.b. Y4 = 0.0 if D<2.3 and Y4 = 0.735 if D>16 inches. 

Y, = ratio of board-foot volume to total cubic-foot volume. Board-foot volume based on International %-inch 
rule for trees 8.6 inches d.b.h. or larger to a top d.0.b. of 8.5 inches. YE = 0.0 if Dc4.8 inches, and 
Y6 = 3.55 if D>16 inches. 

B = basal area in square feet per acre of all living trees 2.6 inches or larger d.b.h. 
S = site index in feet at reference age 50. 
A = average stand age in years. 
D = quadratic mean stand diameter of trees 2.6 inches d.b.h. or larger. 



Table 12.-Ratios of merchantable cubic-foot volume 
and board-foot volume to total cubic-foot volume, 
by d.b.h. class 

D.b.h. Board-foot/ cubic-foot/ 
class total total 

(inches) cubic-foot cubic-foot 
ratio ratio 



Table 13.-Average stand diameter of frees 2.6 inches d.b.h. 
and larger by site, age, and residual basal area 

[In inches] 

Basal Average stand age - years 
area 20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55- 
7.2 8.4 9.6 
7.2 8.3 9.5 
7.0 8.2 9.3 
6.8 7.9 9.0 
6.6 7.7 8.8 
6.4 7.4 8.5 
6.2 7.2 8.3 
6.0 7.0 8.0 
- 6.9 7.9 

SITE INDEX 65 
8.3 9.7 11.1 
8.2 9.6 11.0 
8.0 9.4 10.8 
7.8 9.1 10.5 
7.6 8.9 10.2 
7.4 8.6 9.9 
7.1 8.4 9.6 
6.9 8.1 9.3 
6.8 7.9 9.1 
- - 8.9 
- - - 

SITE INDEX 75 
9.4 11.0 12.6 
9.3 10.9 12.5 
9.1 10.7 12.3 
8.8 10.4 11.9 
8.6 10.1 11.6 
8.3 9.8 11.2 
8.1 9.5 10.9 
7.8 9.2 10.6 
7.7 9.0 10.3 
- 8.8 10.2 
- - - 

SITE INDEX 85 
10.5 12.3 14.2 
10.4 12.2 14.0 
10.2 11.9 13.7 
9.9 11.6 13.3 



Table 14.-Increase in average stand diameter 10 years afier thinning, 
by sife, age, and residual basal area 

[In inches] 

~es id&l Average stand age - years 
basal 
area 20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55 

SI'P'E INDEX 65 
2.1 2.0 1.8 
1.8 1.7 1.5 
1.5 1.5 1.4 
1.4 1.4 1.4 
1.3 1.3 1.2 
1.2 1.2 1.1 

SITE INDEX 75 
2.7 2.6 2.6 
2.4 2.4 2.3 
2.1 2.1 2.1 
1.8 1.9 1.9 
1.7 1.8 1.8 
1.5 1.5 1.7 
1.3 1.4 1.5 

SITE INDEX 85 
3.5 3.4 3.3 
3.0 3.1 3.0 
2.6 2.7 2.8 
2.2 2.4 2.5 



Table 15.-Stocking percenf based on tree-area ratio, by site, age, and residual basal area 

Basal Average stand age - years 
area 20 30 40 50 60 70 80 90 100 110 

SITE INDEX 55 
20 19 18 
30 28 27 
40 38 36 
50 48 45 
61 58 55 
72 68 65 
83 78 75 
94 
- 

89 85 
100 

- 
95 

- - 

SITE INDEX 65 
19 18 17 

SITE INDEX 75 
18 17 16 
27 26 24 
36 34 33 
46 43 42 
56 53 50 
66 62 59 
76 72 60 
86 81 78 
96 91 
- 

87 
101 96 

SITE INDEX 85 
16 

l7 25 
16 

26 24 
35 33 32 
44 42 40 
54 51 48 
63 60 57 
73 69 66 
83 78 75 
93 88 84 

102 97 
- - 93 

101 
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THE FOREST SERVICE of the U. S. Depart- 
ment of Agriculture is dedicated to the principle of 
multiple use management of the Nation's forest re- 
sources for sustained yields of wood, water, forage, 
wildlife, and recreation. Through forestry research, 
cooperation with the States and private forest 
owners, and management of the National Forests 
and National Grasslands, it strives - as directed 
by Congress - to provide increasingly greater 
service to a growing Nation. 


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

