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Abstract

OAKSIM is an individual-tree growth and yield simulator for managed,
even-aged, upland oak stands. Growth and yield projections for various
thinning alternatives can be made with OAKSIM for up to 50 years.
Simulator components include an individual-tree diameter growth model, a
mortality model, height prediction equations, bark ratio equations, a taper-
based volume system, and a mathematical thinning rule based on actual
data. The range of age, site, and stand conditions to which OAKSIM can be
applied is discussed, and a numerical example is used to demonstrate
computer output generated by the simulator.

Preface

This version of OAKSIM gives users a functional individual-tree growth
and yield simulator for managed, even-aged, upland oak stands. A user's
guide is in preparation. Improvements to OAKSIM will continue. A
comprehensive statistical validation of growth and yield projections will be
made when an improved mortality model and an ingrowth model are
completed in the near future. A method of projecting individual-tree
quality changes in relation to residual stocking after intermediate thinnings
will also be incorporated into OAKSIM. Information on tree quality is
essential input to an economiecs subroutine that will be added to determine
optimum management alternatives in the upland oak timber type.

Users are encouraged to submit useful changes, extensions, or identified
errors to the author for inelusion in the next version of OAKSIM. OAKSIM
can become a valuable tool for forest managers only through close
cooperation and coordination between researchers and users.

NOTE:

The ecomputer program described in this publication is available on request
with the understanding that the U.S. Department of Agriculture cannot
assure its aceuracy, completeness, reliability, or suitability for any other
purpose than that reported. The recipient may not assert any proprietary
rights thereto nor represent it to anyone as other than a Government-
produced computer program. For cost information write Donald E. Hilt,
Northeastern Forest Experiment Station, USDA Forest Service, 359 Main
Road, Delaware, OH 43015.

The use of trade, firm, or corporation names in this publication is for the
information and convenience of the reader. Such use does not constitute an
official endorsement or approval by the U.S. Department of Agriculture or
the Forest Service of any product or service to the exclusion of others that
may be suitable.



Introduction

Forest land managers need reli-
able growth and yield information to
manage efficiently the nearly 109
million acres of upland oak timber
type in the United States. This pap-
er introduces the initial version of
OAKSIM, an individual-tree growth
and yield simulator for managed,
even-aged, upland oak stands.
OAKSIM is designed specifically to
help land managers evaluate man-
agement alternatives. Although
many cultural treatments must be
considered for the management of
upland oak stands, OAKSIM address-
es that silvicultural treatment
which has the most potential for
influencing tree and stand growth
and yield--intermediate thinning.
The timing, intensity, and frequency
of intermediate thinnings for a wide
range of age, site, and stand condi-
tions can be studied in detail with
OAKSIM.

Growth and yield projections for
up to 50 years after various thinning
alternatives can be made with OAK-
SIM. Existing data bases do not
support longer projections. Since
OAKSIM is an individual-tree simu-
lator, it provides valuable informa-
tion on the species and size class of
trees in the projected stand. This
information is critical for determin-
ing the value of trees in the project-
ed stand. Tree values are an essen-
tial ingredient for evaluating the
economic aspects of thinning, espe-
cially in hardwood stands.

OAKSIM is written in FORTRAN
and is flexible enough to acecommo-
date a variety of user demands.
Input and output program commands
make OAKSIM easy to use while
preserving the detail that is charac-
teristic of individual-tree simula-
tors. This paper deals primarily
with the development and structure
of the simulator; a forthecoming
user's guide will provide easily un-
derstood operating instruetions.

OAKSIM can be used to make
growth and yield projections for a
single stand or group of stands of
particular interest, but a more logi-
cal approach may be to develop
management guidelines by running
the simulator for broader categories
of age, site, and stand conditions.
Management guidelines developed in
this manner could be very useful,
especially to forest land managers
who do not have access to high-
speed computers.

Data

.Data used to develop the individu-
al-tree diameter growth and mortal-
ity models were collected on 77
permanent growth and yield plots in
southern Ohio and southeastern
Kentucky. Species composition
ranged from nearly pure white oak
on some Kentucky plots to a mix-
ture of black and scarlet oaks on
some Ohio plots.1 Hickory

constituted a minor component of
the overstory on some plots.
Understory species consisted
primarily of dogwood, red maple,
yellow-poplar, sourwood, and
serviceberry. The even-aged plots
ranged from 29 to 93 years in age,
and from 60 to 77 in site index
according to Schnur's (1937) site
index curves. Percent stocking
after initial thinnings in 1962 ranged
from 16 to 94 according to
Gingrich's (1967) tree-area-ratio
equation? (Fig. 1). Many plots have
received a second or third thinning
since 1962. The complete data set
consists of remeasurements made .
periodically for 20 years on 9,455
trees that were larger than 2.5
inches d.b.h. after thinning in 1962.

1gee Little (1978) for scientific
names of all species referred to in
this paper.

Zpercent stocking (PS) contributed

by the ith tree in the stand is calcu-

lated as follows:

PS; = -.005066 +.016977*DBH
+.003168*DBH*DBH.

Figure 1.——White oak plot in Kentucky, age 33. Stocking was
reduced to 37 percent.



The method used to thin the
growth and yield plots is best
described as "free thinning"--the
marker was free to remove trees
from all crown classes. The
objective was to leave the specified
stocking distributed on the best
trees as evenly spaced as possible
throughout the plot. In general, the
larger cull and defective trees were
cut first, then the competing trees
of poor form and quality, then the
intermediate and suppressed trees
of lower quality and value. Finally,
if necessary, lower value species
and even some high-quality
desirable species were removed
from the main canopy to achieve a
uniform spatial distribution. This is
the most realistic, practical
thinning method that can be applied
at the present time by professional
foresters in even-aged upland oak
stands.

Developing all growth and yield
components from one data base is
most desirable. Unfortunately, this
is seldom possible. A total of 2306
felled-tree and 2313 standing-tree
heights were measured on unman-
aged even-aged plots in six mid-
western states to develop the height
prediction equations. Bark-ratio
equations were developed from data
collected over the entire upland oak

range. A total of 1619 trees, repre--

senting 10 species groups were sam-
pled. The taper-based volume sys-
tem was developed from measure-
ments on 418 felled upland oak trees
in five midwestern states. Since the
height, bark, and volume equations
were based on data collected from
unmanaged stands, the effects of
residual stoeking on these compo-
nents could not be assessed. This is
not considered detrimental to
OAKSIM's performance, however,
because individual-tree diameter
growth and mortality are by far the
most important components affect-
ing growth and yield projections in
managed stands.

Program Structure

A generalized flow chart of the
programming logic used in OAKSIM
is shown in Figure 2. The control
information specifies: (1) type of
input data, (2) timing, intensity, and
frequeney of thinning, (3) tree vol-
ume calculations, and (4) type of
output. If a stand table is provided
in lieu of a tree list, OAKSIM gener-
ates a tree list as deseribed later.

A summary of initial stand
conditions by species and size
classes is then computed and printed
(Table 1). The stand may be thinned

- initially or at any 5-year interval to

a specified stocking level. A
maximum of ten 5-year growth
projections may be made. The 5-
year intervals provide adequate
resolution of growth and yield
projections over time for most
users. Linear interpolation may be
used for estimates between the 5-
year intervals.

Diameter growth of each residual
tree is predicted for each 5-year
period. The probability of mortality
for each tree is then determined
from this growth, the initial size of
the tree, and the species of the
tree. If the tree is classified as
dead on the basis of this probability
and a draw from a random number
generator, it is removed from the
list. If the net stand basal area
growth is not within stand-level
growth limitations, a modifier (de-
scribed later) is applied to the diam-
eter growth caleulations and the 5-
year growth cycle is repeated.

Inside-and outside-bark volumes
to specified top diameters are
calculated for individual trees from

-a predicted total tree height, the

appropriate bark ratio equation, and
a taper-based volume system. Stand
and stock tables by species and size
classes are printed after each 5-
year interval for the initial stand,
thinned trees, residual stand,
mortality trees, and projected stand
(Table 1). A stand-level summary is
printed for each stand after all 5-
year projections have been
completed (Table 2). This summary
is useful for comparing overall
thinning strategies.

Program Applications

OAKSIM can be applied to a wide
range of stand, age, and site condi-
tions. Like all simulators, however,
OAKSIM has limitations, imposed
primarily by the data bases used to
construet the growth and yield
models. Users must be cautious not
to exceed these limitations because
erroneous projections can oceur.
OAKSIM applications are limited to
the following conditions:

eEven-aged upland oak stands only
0ak component at least 75 per-
cent of stand basal area

eStand age 30 to 120 years

eBlack oak site index 50 to 85
ePercent stocking 20 to 120 per-
cent

eTree d.b.h. 2.6 inches and larger
eMaximum 50-year projection

OAKSIM should be applied only to
those stands composed primarily of
oak species found on upland sites:
white, black, scarlet, and chestnut.
The simulator is not intended to be
used on stands where northern red
oak is the major oak component. It
can, however, be used on stands
where northern red oak is less than
15 percent of the stand basal area.

Stand strueture should not differ
radically from even-aged structures
normally found on upland oak sites.
Initial starting ages may range from
30 to 100 years. If the simulator is
started at age 100, then projections
should only be made for 20 years to
the maximum 120 years. The
simulator should not be started
over. For example, if projections
are made from ages 30 to 80,
resulting output should not be used
as input for a projection from ages
80 to 120. The program will
terminate and error messages will
be printed if a tree d.b.h. is less
than 2.6 inches, or if stand age or
site indexes fall outside their
respective ranges of application.
The user is responsible for meeting
the other conditions.
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Figure 2.--Generalized flowchart

of OAKSIM's operation.

Program Input and Output

OAKSIM is designed to operate
from a tree list containing the spe-
cies and d.b.h. of each tree in the
stand, but users may not always
have access to a complete list of
trees in a stand, except perhaps in
research situations. A stand table
input option, therefore, is included
in OAKSIM to make the simulator
more compatible with practical
applications. Both the tree list and
stand table options must be on a
per-acre basis. The number of trees
in each size and species (or species
group) class must be specified with
the stand table option. Size classes
may be either 1- or 2-inch d.b.h.
classes. A random number genera-
tor is called on to distribute the
d.b.h.'s of trees in each species and
d.b.h. class uniformly across the
d.b.h. class. For example, if there
are 25 white oak trees in the 6-inch
d.b.h. class (a 1-inch class), the
generated tree list will include 25
white oak trees uniformly distribut-
ed from 5.55 to 6.54 inches. Initial
growth projections are then based
on this generated tree list. This
approach provides a close approxi-
mation to the actual distribution of
trees across d.b.h. classes. The age
and site index (for black oak) must
also be entered for each stand.

OAKSIM's flexibility allows users
to look at output for virtually any
combination of species groups and
produect size classes. A maximum of
five species groups may be specified
by the user. Species identification
codes in the tree-list or stand-table
input will be assembled into groups
according to user instructions.
Product size classes may also be
user-specified into three groups:
sapling, pole, and sawtimber. De-
fault values are 4.55 inches for
poles and 11.55 inches for
sawtimber.

(Text continued on page 11)



TABLE 1

DATA TYPE AND STAND INFORMATION. VOLUMES TO BE CALCULATED.
TYPE OF INPUT DATA: STAND TABLE TOP DIAMETERS
NUMBER OF STANDS: 1 s E
CUBIC VOLUME 4.0 0.0
STAND SITE BOARD FOOT VOLUME 8.0 6.0
NUMBER AGE INDEX MINIMUM LENGTH FOR CUBIC VOLUMES IS 4.0 FEET,
------ --- —---- n AND 8.0 FEET FOR BD FT VOLUMES.
1 34.0 66.0 PRODUCT SIZE CLASSES ARE 4.55 INCHES FOR POLES,

AND 8.55 INCHES FOR SAWLOGS.

HEIGHT AND BARK DATA. SPECIES CODES. .
SPECIES . SPECIES
GROUP  HMTGRP  RBAR BO B1 GROUP SPECIES CODES
] WO  0.970 0.881 0.056 1 1
2 BO  0.900 0.832 0.103 2 2
3 WO  0.930 0.919 0.045 3 3
4 WO  0.900 0.000 0.000 4 ALL OTHER CODES ARE IN THIS GROUP.

PROJECTIONS. E THINNING OPTIONS. E

NUMBER OF 5-YEAR PROJECTIONS: 10 NUMBER OF THINMINGS: 1
1ST & LAST STAND-STOCK TABLES ALWAYS PRINTED. THINNING METHOD: FREE THINNING
ALL STAND TABLES PRINTED: YES THIMNING INTENSITIES BY SPECIES
ALL STOCK TABLES PRINTED: NO ’ GROUPS: 0000
AGE PERCENT
THINNED STOCKING
34 40,0



34,

5 TOTALS
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SUMMARY STAND STATISTICS:
N TREES:
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PS:

SAP
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SAW
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0.0

0.0
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0.0
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TABLE 1 (continued)

SUMMARY STAND STATISTICS: INITIAL CONDITIONS FOR STAND AT AGE
SPECIES : T 2 3 s 5 TOTALS
N TREES:

SAP 0.0 0.0 0.0 0.0 0.0
POLE 71.0 4.0 3.0 2.0 80.0
SAN 93.0  28.0 2.0 3.0 126.0
TOTAL 164.0  32.0 5.0 5.0 206.0
BA:
SAP 0.0 0.0 0.0 0.0 0.0
POLE 2.7 11 0.7 0.7 24.2
SAW 5.2 19.9 1.3 1.7 78.1
TOTAL 76.9  21.0 2.0 2.4 102.3
PS:
SAP 0.0 0.0 0.0 0.0 0.0
POLE 21.2 1.1 0.7 0.7 23.7
SAW 479 16.8 11 1.5 67.2
TOTAL 69.1  17.9 1.8 2.1 90.9
AVG DBH:
SAP 0.0 0.0 0.0 0 0.0
POLE 7.5 7.1 6.4 8.1 7.4
SAW 0.3 1.3 11.0  10.1 10.5
CVOB 4.0:
SAP 0.0 0.0 0.0 0.0 0.0
POLE 609.1  28.3  15.3  21.7 674.4
SAN 1978.3  676.0  48.4  60.0 2762.7
TOTAL 2587.4  704.3  63.6  81.8 3437.1
CVIB 4.0:
SAP 0.0 0.0 0.0 0.0 0.0
POLE §25.5  24.0  14.0  17.6 581.1
SAN 1699.6  566.9  44.1  48.6 2359.2
TOTAL 2225.0  590.9  58.2  66.2 2940. 3
CVOB  0.0:
SAP 0.0. 0.0 0.0 0.0 0.0
POLE 704.9  34.5  19.5  24.3 7831
SAW 2071.2  702.8  50.0  63.1 2887.1
TOTAL 2776.0  737.3  69.5  87.4 36702
CVIB 0.0:
SAP 0.0 0.0 0.0 0.0 0.0
POLE 604.3  28.8  17.8  19.7 670.6
SAW 1774.9  587.0  45.6  51.1 2458.6
TOTAL 2379.2  615.8  63.3  70.8 3129.2
BFVOL 8.0:
SAW 3918.9 1721.8  145.3  88.5 5874.5
BFVOL 6.0:

SAW 7263.7  2533.1 199.7 198.2 10194.7



TABLE 1 (continued)

SUMMARY STATISTILCS- FGR ENTIRE GROWTH PROJECTION:

‘ STAND AGE ‘
ATTRIBUTE 34 39 44 49 54 59 64 69 74 79 84 TOTALS
N TREES:
INITIAL 750.0 304.0 290.0 281.0 269.0 261.0 250.0 240.0 221.0 21640 206.0 ————
curt 440.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 440.0
RES IDUAL 310.0 304.0 290.0 281.0 269.0 261.0 250.0 240.0 227.0 216.0 e
MORTALITY 6.0 14.0 9.0 12.0 8.0 11.0 10.0 13.0 11.0 10.0 104.0
BAz
INITIAL 6646 44a4 55.0 64.3 12.4 79.3 85.2 90.4 94.9 98.8 102.3 ———
cuT 33.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0«0 33.8
RESIDUAL 32.8 44 .4 55.0 64.3 12.4 79.3 8542 90.4 94.9 98.8 ———
MORTALITY Oat 1.0 1.0 1.8 1,3 2.1 2.5 2.6 3.2 3.4 19.2
NET GROWTH 11.6 10.6 9.3 8.1 6.9 6.0 5.2 4.5 3.9 3.5 695
GROSS GROWTH 12.0 l11.6 10.3 9.9 8.2 8.0 T.7 7.1 7.1 6.9 88.7
PS:
INITIAL 84.5 50.2 58.7 6640 71.9 76.9 80.9 84.3 86 .9 89.1 90.9 = —-—-——=
cuT 44.5 0.0 0.0 ¢.0 0.0 0.0 0.0 0.0 0.0 0.0 44.5
RESIDUAL 4040 50e2 5847 66.0 71.9 769 B0.9 84.3 86.9 89.1 ——
MORTALITY 0.5 1.3 1a2 2.1 l.4 2.2 245 2.8 3.1 3.2 20.4
NET GROWTH 10.2 8.5 7.3 5.9 5.1 4.0 3.3 2.6 2.2 1.9 509
GROSS GROWTH 10.7 9.9 8.5 8.0 6.5 6.2 5.9 Se4 543 5.1 Tla4
QUADRAT IC DBH:2
INITIAL 4.0 542 5.9 6.5 7.0 1.5 7.9 8.3 8.8 9.2 9.5 ————
cuT 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.8
RESIDUAL A 542 5.9 645 7.0 7.5 7.9 B.3 Be8 9.2 = m———
MORTALITY 3.% 3.6 A 5.3 Se4 5.9 6.8 6.1 7.3 7.9 56.0
cvas 44032
INITIAL 367.4 50642 969.8 1352.0 1699.4 2089.5 2327.8 2655.,2 2990.9 3171.4 3437.1 ————
cut 133.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 133.2
RESIDUAL 234,1 506.2 969.8 1352.0 169%.4 2089.5 2327.8 265542 2990.9 3171.4 ———
MORT AL ITY lek 0.0 5.5 2846 20.5 38.2 6243 54,0 87.1 100.3 398.7
NET GROWTH 272.1 463.6 382.2 34744 3590.1 238.3 327.4 335.7 180.6 26546 3202.9
GROSS GROWTH 273.5 463.56 388.1 375.9 411.0 27645 389.7 389.7 261.17 36549 3501.6
CVlB 4 4,03
INITIAL 317.9 436.8 835.2 1162.7 1460.5 1792.8 199645 22715.8 2561.2 2713.7 2940.3 _—
cut 115.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 020 115.2
RESIDUAL 202.8 436, ELI 1162.7 1460.5 1792.8 1596.5 2275.8 2561 2713.7
MORTALITY 1.2 0.0 Sel 2440 17.8 33.1 53,0 46,8 7542 85.8 342.0
NET GROWTH 234.0 398.4 321.5 297.8 332.2 203.7 279 .4 28543 152.5 22646 2737.5
GROSS GROWTH 235.3 39844 332.6 321.8 350.1 236.8 332.4 332.1 227.7 312.4 3079.5
cvos 0e02 . :
INITIAL 1337.4 960.4 14C9.2 1765.5 2077.6 26443.2 26528 295842 3266.1 3425.8 367042 —_——
cuTt 65242 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 040 652.2
RESIDUAL 685.3 960.4 1409.2 1765.5 2077.6 2443.2 2652.8 295842 3266.1 3425.8 —————
MORTALITY 8.2 18.0 21.2 49,1 3446 56.1 77.1 75.0 102.6 113.8 555.6
NET GROWTH 275.1 448.8 356.3 312.1 365.5 206.7 305.4 307.8 159.7 244 .4 2985.0
GROSS GROWTH 283.3 46648 377.5 361.2 400a2 265.7 382.5 382.8 262.3 358.3 354046
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TABLE 2 (continued)

STAND AGE - -
ATTRIBUTE 34 39 44 4S 54 59 64 69 14 19 84 TOTALS
QUADRATIC DBH:
INITIAL 4.0 4.6 522 5.7 6.1 6.6 7.0 T4 7.8 8.2 B8eb W e
cur 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
RESIDUAL 4.0 4.6 5.2 5.7 bal 6.6 T«0 T4 7.8 8.2 —————
MORTALITY 3.3 3.9 402 4.6 5.3 5.6 5.7 6.2 646 Tel 52+5
cvos 44,03
INITIAL 367.% 722.7 1094.1 1458,.8 1903.1 2144.6 2453.1 27970 3040.7 3308.2 3487.3 e
Cut 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0«0 0.0 0.0 0.0
RESIDUAL 367.4% 7227 1094.1 1458.8 1903.1 2144.6 2453.1 2797.0 3040.7 3308.2 ——
NMORTALITY 1«5 2% .4 34.5 47.1 87.3 106.9 88.8 107.9 137.9 135.6 778.0
NET GROWTH 355.4 371.4 364.7 44%4.3 241.5 308.5 343.9 243.6 267.6 179.1 3120.0
GROSS GROWTH 362.8 395.8 399.2 491 .4 328.8 415.4 432.8 351.5 405.5 314.7 3897.9
cvis 4.03
INITIAL 317.9 625.2 945.2 1258.5 1638.3 1845.3 2108.7 2401.3 2609.1 2836.9 2990.0 ——
cur 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
RESIDUAL 317.9 62542 945,.2 1258.5 1638.3 1845.3 2108.7 2401.3 2609.1 2836.9 ———
MORTALITY 64 211 29«8 4047 75.2 92.0 T16.5 92.7 117.7 116.2 668.4
NET GROWTH 307.2 320.0 313.3 379.8 207.0 263.4 292+6 207.9 227.8 153.1 2672.1
GROSS GROWTH 313.7 34l.1 343,1 420.5 282.2 355.4 369.1 30046 345,.5 2693 3340.4
cvos 0-032
INITIAL 1337.4 1674.0 2001.4 2271.7 2617.9 2779.3 3017.3 329 .4 348445 3699.2 3838.0 ————
cut 0«0 0.0 Os0 G.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
RESIDUAL 1337.4 1674.0 2001.4 2271.7 2617.9 2779.3 3017.3 3294.4 3484.5 3699.2 ——
MORTALITY 107.6 137.0 137.0 134.9 152.8 166.8 140.9 150.2 181.5 165.7 1474.3
NET GROWTH 336.6 327.3 27043 34£6.3 161.4 237.9 277.1 190.1 214.7 138.8 2500.6
GROSS GROWTH 444..2 46443 407.3 481.2 314.2 404,.7 418.0 340.3 396.3 304.4 3974.9
cvie 0.0:
INITIAL 1143.7 1431.2 1710.3 1940.8 223%. 6 2372.4% 2575.6 2811i.2 2973.9 315742 3276.5 ———
Curt 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
‘RESIDUAL 1143.7 1431.2 1710.3 1940.8 2234.6 2372.4 257546 28112 2973.9 3157.2 ———
MORTALITY 92.1 116.9 117.0 115.5 130.3 141.8 119.9 127.9 153.8 141.0 125643
NET GROWTH 287+5% 279.1 230.5 293.8 137.8 203,1 235.7 162.7 133.3 119.3 2132.9
HGROSS GROWTH 379.6 36640 347.4 409.3 268.1 345.0 355.6 290.6 337.1 260.3 3389.1
BFVOL 8.02
INITIAL Ce0 0.0 0e0 54.8 510.7 517.1 1028.6 1451.9 2015.4 2883.0 3579.3 ————
cut Oe0 0.0 Ca0 0.0 G.0 0.0 0.0 0.0 0.0 0.0 0.0
RESIDUAL 0.0 0.0 0.0 54.8 510.7 517.1 102846 1451.6 2015.4 2883.0 00 =—e———
MORYALITY 0.0 0.0 0.0 0.0 56.8 26.6 0«0 0.0 27.9 2843 139.6
NET GROWTH 0.0 0.0 54.8 455.9 6.4 511.5. 423.3 563.5 867.6 696.2 3579.3
GROSS GROWTH 0.0 0.0 548 455.9 63.3 538.1 423,3 563.,5 895.5 124.5 3718.9
BFYVYQOL 6.0:
INITIAL 0.0 0.0 285.6 633.6 1355.3 1599.7 2307.2 3570.2 4745.8 6373.9 7739.3 ————
cur 0.0 0.0 0.0 0.0 0.0 0.0 . 0.0 0.0 0.0 0.0 00
RESIDUAL 040 0.0 28546 633,6 1355.3 1599.7 2307.2 3570.2 4745.8 6373.9 ————
MORTALITY 0.0 0.0 0.0 0.0 80.1 58.6 00 0.0 104.2 149.9 392.7
NET GROWTH 0.0 285406 348.0 7217 244.3 707. 1263.0 1175.5 1628.1 1365.4 7739.3
GROSS GROWTH 0.0 28546 34840 121.7 324.4 166.1 1263.0 1175.5 1732f3 1515.2 81319



OAKSIM also allows considerable
flexibility in caleulating tree vol-
umes. Merchantability standards
may be specified. Two top d.i.b.'s
for cubie volume and two top d.i.b.'s
for board-foot volume calculations
are specified by the user. Minimum
lengths for both cubic and board-
foot volumes may also be specified.
Default values are 4.0 and 8.0 feet,
respectively. The appropriate
height prediction equation (either
white or black oak) and bark ratio
equations for each species group are
assigned by the user.

The thinning option is initiated by
user input. A list of the stand ages
(initially or at any 5-year interval)
and the desired percent stockings
after thinning is all that is required.

Program output is also.controlled
by user input. Stand and stock
tables for initial and final conditions
are always printed (Table 1). The
user may, however, elect to have all
intermediate stand tables, stock
tables, or both printed. The final
summary table is always printed.

Growth Components
Diameter Growth

A distance-independent, individ-
ual-tree diameter growth model
(Hilt 1983) is used in OAKSIM. The
random variation of the model is
used to allow trees within a given
stand to change position over time.
The mean 5-year basal area growth
(BAG5YR) of an individual tree is
predicted with the following equa-
tion:

BAGS5YR = BETA*DBH**2 (1)

where BETA = (6.96762087
*10%*(-6))*(SI**1.5731724)
* EXP(-.11839854*DBAR
-.01198244*PS) (2)

SI is the site index, DBAR is the
quadratic mean stand diameter, PS
is the percent stocking of the stand,
and EXP is the base of the natural
logarithms. All caleulations in
OAKSIM are made with double
precision arithmetic.

30 Percent Stocking
- 20 6020 100 60
N / /
™ N //
W 2% [ Mean
™ [ Stand /
g:.l - Diameter / 100
< 20 = — 5inches / /
> N : / /
o ~  ——10inches //
e B ’ /
c 15 /
> B //
10 - J/
S 10F /
o 0
05 |
4 8 12 16 20

'DBH (INCHES)

Figure 3.--Predicted 5-year basal-area growth rates (BAG5YR) for

site index 70.

Equations (1) and (2) are used to
predict growth for all tree species
in a stand. The tree size variable,
DBH, also accounts for growth
differences among speecies. In other
words, big trees grow faster—
regardless of species. Trees in the
black oak group (black, scarlet, and
northern red) usually are larger, and
therefore grow faster, than white

and chestnut oaks in the same stand.

The equations are applicable, how-
ever, only in stands where tree size
differentiation has already
occurred--stands at least 30 years
old. Growth rates for other species
that normally associate with upland
oaks, such as dogwood, red maple,

and yellow-poplar, can also be
safely predicted with these
equations as long as they are not the
major component of the stand (see
Program Applieations). Bigtooth
aspen, an unusually fast grower,
would probably be slightly
underestimated. Predicted growth
rates for a range of stocking and
mean stand diameter conditions are
shown in Figure 3 for site index 70.

The standard deviation (SIGMA)
of the mean 5-year basal area
growth for a given tree is calculated
as follows:

SIGMA = 0.00915129
*EXP(0.12639572*DBH) (3)

11



A random number generator is then
used to generate a random number
(z) from a normal distribution with
mean = 0 and variance = 1. The
random growth rate (X) about the
mean growth (BAG5YR) for a given
tree is then calculated as:

X = Z*SIGMA + BAG5YR 4)

The random 5-year basal area
growth rate is then converted with
appropriate arithmetic to 5-year
diameter growth.

Equations 1 through 4 are used to
prediet diameter growth rates for
the first 5-year projection. Diam-
eter growth rates for successive 5-
year projections are made with a
random number draw from a condi-
tional mean growth and a condi-
tional standard deviation based on
the bivariate normal distribution
{see Hilt 1983). The conditional
equations are based on values from
equations 1 through 4 for both the
5-year period of interest and the
previous 5-year period. Use of the
bivariate normal approach guaran-
tees that fast-growing trees have a
higher probability of remaining fast
growers, and slow growers will re-
main slow growers.

Mortality

The probability of mortality
(PMORT) for an individual tree is
determined at the beginning of each
5-year projection with the following
logistic function:

PMORT = 1.0/(1.0+EXP(B0+B1*DBH
: +B2*DGROW)) (5)

where DGROW is the periodic
annual diameter growth of the tree
for the past 5 years. Variations in
mortality due to site, age, and
stocking for a given size tree are
accounted for with the DGROW
variable. If PMORT is calculated to
be less than 0.001, then PMORT is

12

assigned the value 0.001. This
assignment of a small probability of
mortality accounts for fast growing
and very large trees that die
occasionally at random times for no
apparent reason. Predicted, rather
than past, diameter growth rates
are used for DGROW during the
initial 5~year projection because
past growth is hardly ever known
initially. A random number between
0 and 1, drawn from a uniform
distribution, is used to decide
whether the tree dies. If the
random number is less than PMORT,
the tree is considered dead and
removed from the list.

Only one diameter growth equa~
tion is required for all species, but
several are required for mortality.
For example, oak trees in the black
oak group usually have a higher
probability of mortality for a given
d.b.h. than oak trees in the white
oak group. Equation (5), therefore,
was fitted to data from four species
groups: (1) white oak, (2) black oak,
(3) other trees (primarily hickory),
and (4) understory species such as
dogwood and sourwood. Coeffic-
ients in equation (5) for each group
are listed in Table 3. PMORT is
plotted over DGROW by DBH
classes for the white oak group in
Figure 4.

Table 3.—Coefficients for mortality model (equation 5):
PMORT = 1.0/(1.0+EXP(B0+B1*DBH+B2* DGROW))

Species Group BO B1 B2

White oak? -1.99 0.356 66.58
Black oakP -2.48 .312 34.83
Other trees€ -.183 .246 57.35
Understoryd .341 .132 29.59

Awhite and chestnut oaks

bBlack, scarlet, and northern red oaks
CHickory, red maple, yellow poplar
dDogwood, sourwood, sassafras, serviceberry, shrubs




.7\ PMORT=1.0/(1.0+EXP(-1.99+356+DBH+66.58*DGROW))

PMORT

06 08 .10 .12 .14
DGROW

Figure 4.--Individual-tree probability of mortality (PMORT) for
white oak group. DGROW is periodic annual diameter growth.
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Calibration

Background

Calibration is the act of adjusting
the simulator to meet actual growth
and yield situations. Theoretically, "
all one must do is combine the
diameter growth and mortality
equations 1 through 5, and the
simulator will funection for all age,
site, and stand conditions.
Unfortunately, this is seldom the
case. Nearly all major simulators
designed to handle a wide range of
applications have required some
modification. Modification is
necessary with individual-tree simu-
lators because the probability of
mortality is dependent on growth,
and growth in turn is dependent on
the stocking after dead trees have
been removed. Sometimes slight
modelling errors become cumulative
and cause longer projections to go
astray. Modification is also necess-
ary because not all variations in a
growth and yield projection are
completely accounted for by the
growth models.

OAKSIM was calibrated by com-
paring growth and yield projections
with four sources of information:
(1) actual growth and yield data
from the managed stands discussed
in the Data section, (2) upland oak
yield tables for unmanaged stands
prepared by Sehnur (1937), (3) stand
level projections made with GROAK
(Dale 1972), and (4) personal experi-
ence. Although statistical valida-
tion tests have not yet been made,
numerous comparisons with the 20~
year managed stand data were per-
formed. Longer projections of 50
years for unmanaged stands were
compared with Schnur's tables up to
age 80. Very few stands over age 80
were included in Schnur's tables for
the simple reason that they did not
exist in 1937. GROAK, a stand-
level growth and yield model de-~
veloped from the same managed
stands used for OAKSIM, provided
excellent comparisons for overall
stand growth to age 100. Personal
experience provides the added ele~
ment of "feel" for whether the
projections are realistic.

14

There are basically five compon-
ents that need careful consideration
for the calibration of an individual-
tree simulator: (1) stand basal area
growth (net and gross), (2) number
of trees (live and dead), (3) mini-
mum and maximum diameters of
trees in the projected stand, (4)
distribution of trees over d.b.h., and
(5) relative proportions of trees by
species groups. Most other stand
components, such as mean stand
diameter and percent stocking, will
follow aceordingly if these five
components are correct. Volume,
which also should follow accord-
ingly, was not considered during the
calibration of OAKSIM because tree
volumes, as discussed later, are
assigned to trees after the projec-
tion has been made.

Modifiers

Net periodic annual basal area .
growth (BAG) for a given stand is
first predicted with the following
equation from GROAK;

BAG = BA*AGE**(-.8)*LOG(BA)
+.68521*BA* AGE**(-,75)
+.011383*BA*SI*AGE* *(~1.05) (6)

where BA is the stand basal area,
and AGE is the stand age. This
equation is ineremented five times
to arrive at the net 5-year basal
area growth for the stand. Individ-
ual-tree basal area growth rates
from (4) are then multiplied by a
constant, k, until the net stand basal
area growth is within 2 percent of
the growth predicted with GROAK.
The value of k must be determined
iteratively because net growth is
the difference between gross growth
for the 5-year period (growth of all
survivor trees; Husch et al. 1972)
and trees removed from the list
with the mortality model. Many
simulators use stand-level modifiers
to adjust individual-tree growth
rates, and GROAK is a wise choice
for upland oaks because it has been
extensively and successfully applied

over a wide geographic area of the
upland oak timber type.

After stand growth was calibrat-
ed, the total number of trees per
acre and the relative number of
trees in each species group required
some adjustment, particularly over
site index. This adjustment is made
with a reassignment of PMORT
from equation (5):

PMORT = PMORT*0.8 (7
for the black oak group, and

PMORT = ‘
PMORT*(0.5 + 0.025*SI) (8

for all other species groups. Equa-
tion (7) simply lowers the probabil~
ity of mortality for black oak for all
conditions, and equation (8) increas-
es the probability of mortality with
increasing values of site index for
the other species groups. The prob-
ability of mortality for a black oak
tree of a given d.b.h. still remains
higher than other species for most
circumstances.

Minimum and maximum dia-
meters, and also the distribution of
trees in the projected stand, are
adjusted with the reassignment of
SIGMA from equation (3):

SIGMA = SIGMA*(1.88945
-.07837*S1 + .00087*S[**2) (9)

Variation in tree growth for a given
d.b.h. was found to increase with
increasing site index. Equations (1)
through (5) and the appropriate
modifiers in equations (6) to (9)
expand OAKSIM's application to a
wider range of site index conditions
than those available in the 20-year
managed stand data base.




Volume Computation
Tree Height

Individual-tree volumes in
OAKSIM are based on four compon-
ents: (1) tree d.b.h. and species
(available from the projected tree
list), (2) height equations, (3) taper
equations, and (4) bark ratio equa-
tions. Total tree heights (HT) are
assigned to individual trees at each
5-year interval with equations
developed for upland oaks by Hilt
and Dale (1982):

HT = 4.5
+B0*(1.0 -EXP(B1*DBH)) (10)

where model coefficients B0 and B1
are based on stand age and site
index. Height prediction equations
are available only for trees in the
white and black oak groups. Until
height prediction equations for
other species groups .can be
developed, either the white or black
oak equation must be used. Errors
that arise from this circumstance
are not considered major because
the tree size variable, DBH, again
accounts for a considerable portion
of the species effect. Equations for
the black oak group for site index 60
are shown in Figure 5.

Taper Equ‘ations

Diameters inside bark (DIB) up
the stem are calculated for individ-
ual trees with the taper equation
developed by Hilt (1980):

(DIB/DOB)**2 = X**1,5
+.003040(X**1,5-X**3)*HT
+.000226(X**1.5-X**3)*DBH*HT
+.003210(X**1.5-X**30)* DBH
-.000212(X**1.5-X**30)*DBH*HT

(11)

where X = (HT-h)/(HT-4.5), and h =
height at measyrement point (feet).
The same taper equation is used for
all species. Trees must be at least
2.6 inches in d.b.h. Sample tree
profiles generated with (11) are
shown in Figure 6.

Bark Ratio

The ratio of DIB to DOB up the
stem is estimated for each tree with
the equation developed by Hilt et al.
(1983):

DIB/DOB = B0+B1*(DOB/DBH) (12)
Values of the model coefficients, B0
and B1, for 10 species groups are
listed in Table 4. The DIB/DOB
ratio either remains constant or
decreases up the stem for all 10
groups. If a mean DIB/DOB ratio at
breast height (RBAR) is available,
then B0 is set equal to the quantity
(RBAR-B1) to adjust the ratios to
local conditions. Equation (12) is
plotted in Figure 7 for white oak,
chestnut oak, and black cherry.

Table 4.--Coefficients for bark
ratio model (equation 12):

DIB/DOB = B0+B1*(DOB/DBH)

Species BO B1
White oak 0.881 0.056
Chestnut oak 774 .149
Black oak .832 .103

Northern red oak .864 .084
Southern red oak .888 .040

Black cherry .934 .017
Yellow-poplar .840 .087
Red maple .919 .045
Sugar maple .873 .017
American beech .931 .025

Program Execution for Volume

Appropriate tree height and bark
ratio equations are assigned to each
species group by the user. Total
height is then assigned to a tree
based on the projected d.b.h., the
age and site index of the stand, and
the species group to which the tree
belongs. Heights (h) to user-speci-
fied top d.i.b.'s are then calculated
with a bisection algorithm.

Minimum merchantable lengths

specified by the user must be met,

or no volumes will be calculated. |
Default values are 4.0 feet for cubic

volume and 8.0 feet for board-foot

volumes. The merchantable portion

of the stem is then divided into 50

equal segments, and the d.i.b. and ;
d.o.b. at each section point are
calculated with (11) and (12). Cubic
volumes of each section are calcu-
lated as truncated cones and sum- -
med to obtain volumes inside and
outside bark for the tree. A 1-foot
eylindrical stump is also included in
eubic volume values. Board-foot
volumes are calculated from 16-foot
logs with the International 1/4-inch
rule. Fractions of logs are included
if they are not exactly 16 feet.

Thinning Rule

The thinning rule used in OAKSIM
is based on a mathematical model
derived from the actual thinned
plots discussed in the Data section.
Complete development of the model
will be documented in a forthcoming
publication. The model has the
following form:

CUTFRQ (D = 1.0
-EXP(-1.77980* CUMFRQ(I)
+.019849*CUMFRQ (D)*THINPS) (13)

where CUTFRQ (I) is the cumulative
frequency of the trees to be cut in
the ith d.b.h. class divided by the
total number of live trees in the
stand, CUMFRQ (I) is the cumula-
tive relative frequency of the live
trees in the ith d.b.h. class, and
THINPS is the percent stocking
desired after thinning. For ex-
ample, if a thinning to the 40 per-
cent residual stocking level were
desired in a stand with 500 total
stems and 100 stems in the 3-inch
d.b.h. class, CUMFRQ (3) would
equal 0.20, CUTFRQ (3) would equal
0.18, and the resulting number of
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Figure 5.—Height-diameter-age curves for black oak, site index 60.

trees to be removed in the 3-inch
class would be equal to 0.18*500 =
89. Age and site index did not have
a significant effect on the thinning
rule. Equation (13) is plotted in
Figure 8 for a range of THINPS
values.

The thinning rule makes every
attempt to duplicate the actual
thinning method applied by profes-
sional foresters in managed upland
oak stands. OAKSIM is one of the
few simulators that uses a thinning
rule based on actual data, not arti-
ficial rules governed only by compu-
ter programming. Until additional
plots can be established to study
other thinning methods in upland
oak stands, such as thinning strictly
from above or below, this thinning
rule should be used because the
growth models are based on this

16

thinning method. There is, however,
some flexibility with OAKSIM.
Three options are available for dis-
tributing cut trees across species
groups within a d.b.h. elass: (1)
maintain the same proportion of
species as the unthinned stand, (2)
double the allocated cut for speci-
fied species groups, and (3) elimin-
ate specified species groups
entirely. Only minor species groups
such as understory species should be
eliminated with the third option.
Major species groups such as white
oak or black oak should not be
eliminated.

OAKSIM uses an iterative
application of the thinning rule to
insure that all d.b.h. and species
groups are thinned accordingly.
Two or three passes through the

tree list are generally required to
reduce the stand to the desired
THINPS.

Random Number Generator

A random number generator is
used in OAKSIM to convert stand
tables to tree lists and to calculate
individual-tree diameter growth
rates and probabilities of mortality.
A random number (U) is drawn from
a uniform distribution between 0
and 1. This number is used unalter-
ed to construct tree lists and calcu-
late the probability of mortality,
but is converted to a normal deviate
(XNORM) from a distribution with
mean = 0 and variance = 1 with the
following equation for diameter
growth calculations:

XNORM = SQRT(-2.0*LOG(U1))
*CO0S(6.283%U2) (14)
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used in OAKSIM.

where Ul and U2 are random num-
bers drawn on successive occasions.
The CALL statements in OAKSIM
used to invoke the random number
generator are based on local
computing ecommands, and will
require some modification by the
user. The generator used in
OAKSIM is almost identical to IBM's
RANDOM Subroutine Package. If
RANDOM or its local counterpart
are not available, users are advised
to use a well-tested random number
generator.

Use of random numbers makes
OAKSIM a stochastie simulator.
Output is somewhat dependent on
the random numbers generated and
can be altered by changing the seed
used to initialize the generator
(although this is not recommended).
The seed statement in OAKSIM is IX
=111111. Testing has revealed that
changing the seed, and hence the
sequence of random numbers,
changes the output only slightly,
especially if long projections such as
30 years are specified. Slight

variations in output refiect only the
natural variation inherent in the
complex growth and yield of a
forest stand.

Example Using OAKSIM

Bracketed numbers in this seetion
refer to annotations on the OAKSIM
output in Tables I and 2. Output for
a young white oak stand in Kentucky
that was thinned to 40 percent
stocking with OAKSIM appears in
Table 1. Only the final summary
table of the unthinned OAKSIM run
for the same stand is shown in Table
2.

Control cards supplied by the user
indicate that stand table input is
being used for a stand that is 34
years old on site index 66 [1]. Tree
volumes are desired for 4.0 and 0.0
d.i.b. tops for cubic volumes, and
8.0 and 6.0 d.i.b. tops for board-
foot volumes [2] . Default values of
4.0 and 8.0 feet are used for mini-
mum merchantable lengths of logs.
Trees between 4.6 and 8.6 will be
classified as poles. A sawtimber
threshold d.b.h. of 8.6 inches was
used in this example only so readers
can make comparisons with Sehnur's
(1937) yield tables and Dale's (1972)
GROAK projections. A threshold
d.b.h. of 11.6 inches for sawtimber
would be more common.

Volume computations and pro-
gram output will also depend on the
assignment of tree species codes to
a species group, and the subsequent
assignment of a height and bark
ratio prediction equation to that
species group [3,4]. Speeies group 1
in this example consisted entirely of
white oaks, group 2 was black and
searlet oak, group 3 was hickory and
red maple, and group 4 was shrubs,
such as dogwood and sourwood.

A total of ten 5-year projections
are to be made, with one initial
thinning to 40 percent stocking
[5,6]. All intermediate stand tables
are requested, but no intermediate
stock tables are desired.

The initial stoek table for age 34
[7] includes a comprehensive break-
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down by species groups and size
classes for all major stand
characteristics. Average d.b.h. [8]
values listed in the stock tables are
arithmetic means, not quadratic.
The initial stoek and stand [9]
tables are always printed. Since all
intermediate stand tables were
requested for this run of OAKSIM,
stand tables for trees removed in
thinning [101, residual trees after
thinning [11], mortality trees [12],
and trees in the projected stand [13]
for all 5-year intervals are printed
(only those to age 39 are listed in
Table 1). Final stand [14] and stock
tables [15] are always printed.
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It is evident from [10] that the

majority of the 440 trees removed

in the "free" thinning applied with
the thinning rule (equation 13) were
in the lower crown classes. Nearly
80 percent of the trees in the 3-inch
class were cut. Some of the largest
trees, however, were also removed.
These larger trees are representa-
tive of the larger cull and rough
trees often found in most stands.
The percentage of trees by species
group in each d.b.h. class, as speci-
fied with the control cards [6], re-
mained nearly the same after thin-
ning.

1.4 1.6

All of the detailed information
available in the stand and stock
tables must be utilized for a
comprehensive evaluation of various
thinning regimes. The size and
species determine the value of a
tree. For example, the changes that
oceurred in the white oak group
should be examined closely because
of the high value of this species
relative to the other three groups.
On the other hand, the final
summary tables [16,Table 2] provide
a good overall look at stand
development over the projection
period and is most useful for
narrowing the choices of various
thinning regimes.
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Basal area, total cubic~foot vol-
ume inside bark, and board-foot
volume growth and yield informa~
tion extracted from [16] and Table 2
are plotted in Figure 9. Gross
growth for the 50-year projection
was reduced in the heavily thinned
stand—388.7 square feet of basal
area growth, compared to 104.7 for
the unthinned stand, and 3017 cubie
feet compared to 3389. Net growth,
however, showed a marked increase
in the thinned stand. Net basal area
growth for the thinned stand was
69.5 square feet; in the unthinned

stand, it was only 45.7. Net cubic
volume growth was 2544 cubic feet,
compared to 2133. Mortality was
sharply reduced with thinning, par-
ticularly for the first 25 years after
thinning. Board-foot growth and
yield increases from thinning are
dramatic at age 84: the thinned
stand had 32 percent more board-
foot volume in trees 8.6 inches
d.b.h. and larger. This difference
was due not only to the increased
diameter of the thinned trees, but
also to the fact that the thinned
stand had 126 trees in the sawtim-
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ber size class compared to only 113
trees for the unthinned stand.

Even though gross growth rates
are reduced somewhat by thinning
this stand to 40 percent stocking,
gains in net growth and board-foot
yields indicate that a heavy thinning
at age 34 is still a viable option.
This run of OAKSIM also suggests
another alternative: to thin initially
to 40 percent and thin again at age
59 to perhaps 60 percent, since
mortality started to increase at that
age.
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Discussion

This initial version of OAKSIM is
applicable to a wide range of age,
site, and stocking conditions for a
large portion of the upland oak tim-
ber type. The ultimate goal is to
produce a complete simulator cap~
able of generating the entire growth
eyele--not only growth of the pres-
ent stand, but also ingrowth and
regeneration. Ingrowth can be sub-
stantial in heavily thinned upland
oak stands. And stump sprouts from
ingrowth trees will most likely
determine the species composition
of the next stand after the rotation
harvest cut. Timber management
planning for the current rotation,
however, should be based primarily
on those trees already covered by
this version of OAKSIM, not on

- ingrowth trees.

Future enhancements planned for
OAKSIM should also encourage
application of the simulator. Com-
puter programming statements will
be added to allow input from varia-
ble-plot (prism) timber cruises. This
will eliminate the need for users to
construct their own stand tables for
input into OAKSIM. A mierocompu-
ter version of OAKSIM will also give
more users access to the simulator.

This version of OAKSIM has been
rigorously tested. Its net stand
basal area growth is compatible
with that of the previously develop-
ed stand growth and yield simulator,
GROAK. However, a complete
statistical validation of OAKSIM is
also planned, primarily for the pur-
pose of placing error limits on the
growth and yield projections. Some
measure of accuracy of the simula-
tor is essential for large-scale
applications.



QAKSIM is available from the
author upon request. The program
consists of approximately 1700
statements, and should be compiled
to save computing costs. Control
statements and data can be stored
in a separate data file and read
during execution. Use of a CRT
screen and a text editor language
package maximizes the program's
flexibility. The ages and intensities
of thinning can be changed easily to
test a variety of management
alternatives. Execution time on the
AMDAHL 470 V/6 computer is
approximately 10 seconds for a 50~
year projection for one stand.
Complete operating instructions for
OAKSIM will be published in a user's
guide.
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Headquarters of the Northeastern Forest Experiment Station are in
Broomall, Pa. Field laboratories are maintained at:

® Ambherst, Massachusetts, in cooperation with the University of
Massachusetts.

® Berea, Kentucky, in cooperation with Berea College.

® Burlington, Vermont, in cooperation with the University of
Vermont.

® Delaware, Ohio.

® Durham, New Hampshire, in cooperation with the University of
New Hampshire.

® Hamden, Connecticut, in cooperation with Yale University.

® Morgantown, West Virginia, in cooperation with West Virginia

* University, Morgantown.

® Orono, Maine, in cooperation with the University of Maine,
Orono.

‘® Parsons, West Virginia.

® Princeton, West Virginia.

@ Syracuse, New York, in cooperation with the State University of
New York College of Environmental Sciences and Forestry at
Syracuse University, Syracuse.

@ University Park, Pennsylvania, in cooperation with the
Pennsylivania State University.
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