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ABSTRACT. A diagram is presented that 
can greatly facilitate density management 
of lodgepole pine (Pinus contorta) stands. 
Together with site index tab!es or curves, 
the diagram can be used to estimate 
average tree sizes and total yields produced 
under various density management re- 
gimes. Its use is illustrated with three al- 
ternative regimes. " 
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The control of growing stock to 
achieve specific management objec- 
tives is critical to effective forest man- 

agement. The actual manipulation of 
stand density is relatively easy, but ar- 
riving at levels of growing stock con- 
sistent with particular management 
objectives and constraints is much 
more difficult (Davis 1966). In this 
paper we present a density manage- 
ment diagram for lodgepole pine, 
then we compare the diagram with a 
computer growth and yield model, 
and finally we illustrate use of the dia- 
gram with three alternative regimes. 

Ultimately, the control of growing 
stock requires a biologically mean- 
ingful and easily applied index of 
stand density. The best measures of 
stand density are those that incorpo- 
rate both the number and average size 
of individuals in a population (Curtis 
1970, Curtis 1982, Daniel et al. 1979, 
West 1982). A familiar and easily ap- 
plied example is Reineke's (1933) 
stand density index (SDI), which ex- 
presses the relation between the 
number of trees per acre (TPA) and 
their quadratic mean diameter (Dq): 

SD! = TPA (Dq/10) •.6 

A major advantage of this and other 
size-density indexes is its indepen- 
dence of site quality and stand age 
(Curtis 1982, Daniel et al. 1979, Long 
1985). 

Various graphical aides have been 
developed for use in density manage- 
ment using indexes based on size- 
density relationships. Wilson's (1979) 
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"Stand Density Sheets" allow 
stocking to be controlled, using an 
index of stand density based on TPA 
and average height. Stocking guides 
of the type first developed by Gingrich 
(1967) are commonly based on Crown 
Competition Factor (CCF), another 
size-density index; the relationships 
represented by their various stocking 
lines are easily understood and repro- 
duced using SDI (Daniel et al. 1979). 

The utility of these basic graphical 
aides can be greatly enhanced with in- 
clusion of additional size parameters. 
Ando (1968) developed what he re- 
ferred to as "stand density control 
diagrams" for most of the important 
commercial timber species in Japan. 
Similar diagrams have been produced 
for coastal Douglas-fir (Pseudotsuga 
menziesii [Mirb.] Franco) (Drew and 
Fiewelling 1979) and loblolly pine 
(Pinus taeda L.) (Fiewelling 1981). 

An obstacle in the construction of 
density management diagrams is the 
scarcity of appropriate data with 
which to build them. Previously, dia- 
grams have been built using data from 
research growth plots, but for many 
species and locales in the Rocky 
Mountains such data are limited. We 
examined the feasibility of construct- 
ing a diagram with common timber in- 
ventory data for lodgepole pine. 
CONSTRUCTION OF THE 
LODGEPOLE PINE DENSITY 
MANAGEMENT DIAGRAM 

USDA Forest Service Stage II inven- 
tory data were compiled for 519 lodge- 
pole pine stands from the Targhee, 
Salmon, and Medicine Bow National 
Forests, located in Idaho, Wyoming, 
and Colorado (Table 1). The only con- 
straint in selecting stands for inclusion 
in the data set was that lodgepole pine 
represent at least 80% of the total basal 
area of eachostand. The Targhee and 

Medicine Bow data were used to fit 
the regression equations used to con- 
struct the diagram; the Salmon data 
were then used to validate these equa- 
tions. 

Data from each of the stands •n- 
duded estimates of total stand volume 
(ftS/ac to 4-in top), density (TPA), basal 
area (ft2/ac) as well as average he•õht 
(Ht•), and age of site trees (open 
grown or dominant). Using these vari- 
ables we calculated Dq, $DI, and mean 
tree volume (MVOL). 

A nonlinear least-squares curve-fit- 
ting routine was used to develop re- 
gression models relating TPA, Dq, Ht•, 
and MVOL. The first equation, re- 
lating MVOœ and TPA to Dq, has a co- 
efficient of determination (R 2) of 87% 
and a standard error of 0.7 in. 

Dq = (54.4 MVOL + 5.14) o.36• 
(1.0 - 0.00759 TPA) o.•46 

The second equation, relating Ht• 
and Dq to MVOL, has a coefficient of 
determination (R 2) of 94% and a stan- 
dard error of 0.8 ft 3. 

MVOL = ((0.00396 + 0.000779 Dq 227) 
(1.27 Ht•l.ø9)) ø.916 

Neither regression model was biased 
with respect to the independent van- 
ables, site index, or stand age. 

The lodgepole pine density manage- 
ment diagram (Figure 1) has Dq and 
TPA on the two major axes. These 
were chosen because, of the variables 
included, they are the most commonly 
used and easiest to estimate in the 
field. The diameter axis ranges from 
1-30 in, while the densities range 
from 50-5000 TPA. Both axes are 
plotted on a logarithmic scale. The 
parallel diagonal lines represent SDL 
The uppermost line corresponds to an 
SDI of 700, approximating the max- 
imum SD! represented in the data set 

Table 1. Description of lodgepole pine data including maximum and 
minimum values. 

Number of Volume Basal area Site height Site tree age 
stands (ft3/ac) TPA (ft2/ac) (ft) (yr) 

Medicine Bow N.F. 294 
Salmon N.F. 75 
Targhee N F 150 

196-8215 130-4541 4-318 23-78 24-225 
74-4950 22-1979 9-210 23-75 23-191 

294-5349 55-1481 14-186 21-93 12-195 
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Fig. 1. Density management diagram for 
lodgepole pine. (An 856 by 11 in copy of 
the diagram is available on request from 
the authors.) 

(Figure 2). It is assumed that this SDI 
is a reasonable approximation of the 
maximum size-density relation for 
lodgepole pine and thus represents 
the maximum combination of Dq and 
TPA possible in stands of this species 
(Drew and Fiewelling 1977, West 
1982). Additional SDI lines range 
down to 50. 

The two regression equations were 
used to produce site height and total 
volume (ft3/ac) lines. Site height lines 
range from 20-100 ft; the volume lines 
from 50-8000 ft3/ac. The range of 
values represented by the various axes 
and lines approximate the range,of 
values included in the data used to 

construct the diagram (Table 1). 

USE OF THE DIAGRAM 

A key 
diagram 
growing 
opment, 

assumption in the use of this 
is that a particular level of 
stock, or stage of stand devel- 
is represented by SDI. For ex- 

ample, initial crown closure corre- 
sponds to a SDI of about 125. This is 
based on the relationship between 
DBH and crown width for open- 
grown lodgepole pine (Alexander et 
al. 1967). Similarly, a range of SDIs 
from approximately 250 to 700 corre- 
sponds to levels of growing stock rep- 
resenting full site occupancy (Bradley 
et al., Long 1985), and thus levels of 
current annual increment approaching 
the potential for a particular site 
quality and stand age. 

For every species there is a zone of 
self-thinning or "imminent competi- 
tion mortality" (Drew and Fiewelling 
1977, Long and Smith 1984). The SDI 
lines on the diagram corresponding to 
400 and 700 form the approximate 
lower and upper limits of the self- 
thinning zone for lodgepole pine (Fie- 
welling and Drew 1985). A stand with 
a SDI less than 400 would not be ex- 

pected to experience competition-in- 
duced or density-related mortality. 
Th•se zones can aid both in estimating 

the condition of a particular stand and 
in arriving at a density management 
regime to accomplish particular man- 
agement objectives. 

The development of a stand under a 
particular thinning regime is illus- 
trated in Figure 3. This simulation is 
based on results from RMYLD, a com- 
puter growth and yield model widely 
used in the Rocky Mountain region 
(Edminster 1978). Initial conditions for 
the computer run included Dq --- 4.5 
in and 1000 TPA. The step-like pattern 
moving from the lower right side of 
the diagram to the upper left reflects 
increasing Dq with time, and de- 
creased density following each thin- 
ning. Details of the pattern produced 
result from the way in which this 
computer model simulates thinning. 
That Dq increases during thinning re- 
flects the fact that RMYLD assumes 

that thinnings are made from below. 
The decreasing size of each subse- 
quent step is a function of RMYLD's 
fixed-interval thinning cycle, which, 
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Fig. 2. The maximum size-density rela- 
tionship for lodgepole pine. Dashed line 
represents a SDI of 700. 

in the case of this run, is 20 yearsß The 
decline in growing stock, as reflected 
by SDI, following each subsequent 
thinning results from the use in 
RMYLD of a user-specified, constant, 
residual level of basal area. We do not, 
of course, advocate thinning to a con- 
stant residual basal area. 

The sum of volumes removed 

during each thinning (the difference 
between volume before and after a 

thinning) and volume at the end of the 
rotation represent an estimate of the 
total volume produced by this density 
management regime. The estimate of 
8500 ft3/ac generated by the diagram is 
within 1% of that generated by 
RMYLD. 

DESIGN OF 
ALTERNATIVE DENSITY 
MANAGEMENT REGIMES 

Use of the diagram will be illus- 
trated by three alternative density 
management regimes (Figure 4) for a 

hypothetical stand with 3050 TPA and 
Dq equal to 1.5 in. Site index (base age 
100) is assumed to be 90 ft. For each of 
the alternatives, the end-of-rotation 
Dq will be 12 in. In addition, it is as- 
sumed that commercial thinning re- 
quires a volume removal of at least 
1000 ft3/ac/entry and a Dq of at least 
6 in. 

In the "unthinned" alternative, Dq 
and Ht• increase with little, if any, re- 
duction in TPA until the stand enters 

the self-thinning zone (SDI > 400). 
Subsequent increases in average size 
and total volume are accompanied by 
declining TPA such that SDI remains 
more or less constant at a level some- 

what below the species maximum 
(Long and Smith 1984). Mortality that 
may occur after a stand's establish- 
ment and prior to its entry into the 
self-thinning zone is for the most part 
independent of density and thus ex- 
ceedingly difficult to predict (Drew 
and Fiewelling 1977). We therefore 
make the simplifying assumption that 

no natural mortality will occur in a 
stand with a SDI less than 400. 

Estimates of time and growth can be 
included in this analysis using Hts 
from the diagram and appropriate site 
index curves or tables. For the un- 

thinned alternative, when Dq equals 12 
in, the estimate of Ht• is 78 ft. Lodge- 
pole pine variable density site index 
tables for SI•oo = 90 ft (Alexander et al 
1967) indicate a rotation age of about 
102 years (Table 2). Note that the re- 
duced Hts (78 ft) relative to that sug- 
gested by the site index (>90 ft) re- 
flects the negative interaction between 
height growth and density incorpo- 
rated into these site index tables 
(Alexander et al. 1967). 

In using the diagram to plan a den- 
sity management regime it is neces- 
sary to first translate the management 
objectives into appropriate levels of 
growing stock, i.e., upper and lower 
limits to SDI. For example, the "com- 
mercial thinning" alternative is de- 
signed to maintain levels of growing 
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Fig. 3. Computer model simulation of a 
density management regime. 

stock sufficient to ensure full site oc- 

cupancy (SDI > 250) but to avoid self- 
thinning (SDI < 400). In this example 
we actually use SDI = 350 as the 
upper limit to growing stock. This 
somewhat conservative value illus- 
trates that minimum levels of tree 

vigor may be a factor in density man- 
agement planning. For example, Ber- 
ryman (1982) suggests that increasing 
tree vigor by reducing competition 
may prevent catastrophic losses to the 
mountain pine beetle. Similarly, Long 
(1985) suggests that for lodgepole pine 
an SEmi of 350 should result in crown- 
to-stem ratios sufficient to ensure 

prompt response to thinning. 
The target end-of-rotation Dq (i.e., 

12 in) and growing stock upper limit 
(i.e., SDI --- 350) define a stand with 
approximately 260 TPA and 6000 ft3/ 
ac. It is then easy to work backwards 
through the rotation as indicated on 
the diagram (Figure 4). A single pre- 
commercial thinning is required to set 

up the first commercial thinning. With 
two commercial thinnings and the 
final harvest, this regime results in an 
estimated total yield of 8100 ft3/ac and 
MAI of about 107 ft3/ac/yr. 

The "precommercial thinning only" 
alternative uses a growing stock upper 
limit of SDI = 200 and eliminates the 

commercial thinnings. A heavy pre- 
commercial thinning is used to set up 
the final harvest. This regime results 
in the production of final crop trees in 
a shortened rotation (i.e., 72 years) 
but does so at the expense of consider- 
able potential yield. Compared with 
the commercial thinning alternative, 
this regime results in a 58% reduction 
in total yield and a 56% reduction in 
MAL 

SUMMARY 

The diagram is a tool that can facili- 
tate the design of density manage- 
ment regimes for lodgepole pine. The 

use of SDI, a size-density based index 
of growing stock, provides the user 
with a mechanism with which to 
quantify those aspects of stand and in- 
dividual tree performance important 
to specific management objectives. 
For example, the trade-off between 
rapid individual tree growth and short 
rotations, or greater yields associated 
with higher levels of growing stock, is 
easily demonstrated with the dia- 
gram. The consequences of various 
management objectives or constraints 
can also be examined using the dia- 
gram. For example, if we reduce the 
minimum volume and Dq assumed to 
be necessary for a commercial thin • 
ning entry, the total yield and MAI of 
the commercial thinning alternative 
can be substantially increased. To- 
gether with appropriate site index 
curves or tables, the diagram can be 
used to generate reasonable first ap- 
proximations of growth and yield for 
density management regimes. 
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regimes. 

Table 2, Comparison of three density management alternatives. Mean annual 
increment is based on age at final harvest and includes yield from commercial 
thinnings and final harvest only. 

Hts TPA Dq (in) Volume removed 
Age fit) before after before after (ft3/ac) 

Unthinned 
Final harvest 102 78 375 12.0 9000 

Total yield 90---• 
MA] 88 ft3/ac/yr 

Commercial thinning 
PCT 5 8 3050 725 1.5 2.0 
CT1 45 53 725 420 6.3 7.0 1000 
CT2 59 64 420 260 8.8 9.6 1100 
Final harvest 76 75 260 12.0 6000 • 

Total yield 8100 
MA] 107 ft3/ac/yr 

Precommercial thinning only 
PCT 5 8 3050 150 1.5 2.1 
Final harvest 72 70 150 12.0 3400 

Total yield 3400 
MAI 47 ft3/ac/yr 
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Montana's Mission-Oriented 

Research Program 
Robert D. Pflster and Carl E. Fiedler, School of Forestry, 
University of Montana, Missoula, MT 59812. 

ABSTRACT. The Mission-Oriented Re- 

search Program (MORP) was established 
at the University of Montana in 1981 to 
work on current second-growth manage- 
ment problems in northern Rocky Moun- 
tain forests. Research is focused on the five 
traditional resources--timber, range, 
water, wildlife, and recreation--in rela- 
tion to major program goals of inventory, 
productivity, and management. The pro- 
gram emphasiges studies of the multiple ef- 
fects of alternative silvicultural treat- 
ments; close liaison with researchers, forest 
industry, and private landowners; and 
prompt distribution of information to 
users. 

West. ]. Appl. For. 1:11-12, Jan. 1986 

In 1981 the Montana Legislature ap- 
propriated funds to establish the Mis- 
sion-Oriented Research Program 
(MORP) within the Montana Forest 
and Conservation Experiment Station. 
The Experiment Station is the research 
branch of the School of Forestry at the 
University of Montana. This funding 
provided support for an applied re- 
search program aimed at problems 
facing owners and managers of 
second-growth forests in Montana. 
The need for such an interdisciplinary 
and sustained state forestry research 
program was first documented in a 
1970 School of Forestry report. This 
goal became a reality with the estab- 
lishment of MORP. 

GOALS OF THE PROGRAM 

The three major goals of MORP deal 
with (1) inventory, (2) productivity, 
and (3) management. 

Inventory efforts focus on collecting 
existing data on all forest resources in 

the state. These data are being assem- 
bled to provide general information 
for broad levels of planning. 

Productivity efforts are aimed at de- 
fining potential resource production 
on all forest types in the state. Poten- 
tial productivity is being compared to 
current productivity as measured by 
inventories. The difference represents 
the opportunity for improving pro- 
duction through good management. 

Management activities are centered 
on testing the most promising known 
treatments and developing new ones 
to improve productivity. Where prac- 
tical, MORP studies are designed to 
determine the levels of production of 
several resources over a range of man- 
agement treatments. 

Program Philosophy 
The first priority of our research 

program is to meet users' needs. We 
are looking at fundamental resource 
management questions from the 
users' standpoint as they relate to 
MORP goals: 
What is the resource base? (inventory) 
Where is it? (inventory and geo- 

graphic information system) 
How much is it producing? (inventory 

and existing productivity) 
How much could it produce? (poten- 

tial productivity) 
How can productivity be increased? 

(management treatments) 
What happens to other resources if 

production of one resource is in- 
creased? (multiresource produc- 
tivity, integration, and evaluation) 

How can multiresource production be 
balanced? (integration, evaluation 
and planning) 

Because Montana is not unique in 
terms of land management problems, 
we are also relying on the research 
and experience of others. For ex- 
ample, Davis and Henderson (1976) 
worked on a computerized multire- 
source information system coupled 
with a management decision-making 
philosophy that views management 
problems in terms of actions, outcomes, 
and place. Actions are specified in 
terms of the kinds of management 
treatments and the stands or sites 

being treated. Outcomes are predicted 
on the basis of knowledge of typical 
stand and site responses to specified 
management treatments. Place re- 
quires both a geographic information 
system and an inventory of the data 
pertinent to each geographic unit. 
These concepts are applicable at both 
the stand- and area-planning levels. 

We are also looking at break- 
throughs in other fields of science that 
have potential application to forestry. 
One such example is the "expert 
system," a computer-based informa- 
tion storage and analysis system. This 
concept was originally developed to 
improve medical diagnoses. MORP is 
cooperating in a project that applies 
this technology to forestry. Parts of 
the system can be adopted immedi- 
ately, especially the concept of "pro- 
gramming the logic of experts" (Web- 
ster and Miner 1982). This conceptual 
approach can be used for: (1) devel- 
oping a knowledge storage and re- 
trieval system; (2) applying stored 
knowledge to diagnose the condition 
of existing stands; (3) selecting alter- 
native silvicultural prescriptions; and 
(4) predicting multiresource outcomes 
of different prescriptions. 
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